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S u m m a r y
Many doses of ions have been implanted through near-surface AlGaAs/GaAs 
double-barrier diodes. The first objective of this work was the creation of a resistive 
layer beneath the diodes in selected areas of the wafer. It is shown that if the 
damage within the double-barrier diodes could be annealed without removing the 
resistive layer, the three-dimensional integration of the diodes with a second level of 
devices beneath the resistive layer could be attained. Implantation-and-annealing to 
create either a damaged or a chemically-compensated resistive layer has been 
attempted, where, during both types of process, the damage within the double­
barrier diodes was much less than that below them. After implantation of 5.0xl013 
2.0MeV B+ ions cnr2, and anneals at 600°C, near-surface Al0 4Ga0 gAs/GaAs double­
barrier diodes still had good quality negative differential-resistance. It is shown that 
if  (the smaller and less damaging) 1.2MeV Be+ ions were implanted instead of the 
2.0MeV B+ io n s , an n+-doped layer beneath the diodes can, in principle, be 
chemically compensated without destroying the diodes irreparably. This work was 
the first to successfully carry out the anneal-induced recovery of an ion-implanted 
electronic device having quantum-length-scale layers.
The second objective of this work was the elucidation of the electronic and 
structural characteristics of the same implanted-and-annealed double-barrier 
diodes. Before annealing, electron conduction through the ion-implanted diodes was 
limited primarily by field-enhanced emission of electrons from defect states within 
the lightly-doped spacer layers. The current of ballistic electrons through the 
as-grown double-barrier structures was suppressed by implantation-and-annealing; 
this was probably caused by scattering of these electrons by the remaining defect 
states. The suppression of the ballistic-electron current within implanted-and-
annealed double-barrier diodes is proposed to be the primary cause of their  
larger-than-as-grown 5K and 77K peak-to-valley current ratios.
Multi-stage annealing of defects within the double-barrier diodes has been 
investigated by electrical measurements. The anneal-induced creation of defect 
clusters within the device mesas was confirmed by both DC and AC measurements, 
where these clusters were surrounded by percolation paths of as-grown material. 
Single-electron switching and resonant tunnelling through donor states have been 
observed within the percolation paths at 4.2K; these observations indicate that the 
typical diameter of the paths was probably less than five microns, and possibly less 
than one micron.
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P r e f a c e
This thesis describes the im plantation of long-range ions through near­
surface AlGaAs/GaAs double-barrier structures. Ion implantation has been used 
before both in the research laboratories and in the production line to horizontally- 
isolate advanced multilayer devices (high electron mobility transistors, planar- 
doped barrier diodes, and heterojunction bipolar transistors), but one of the two 
principal objectives of the author’s work involved the development of a process 
where ions were implanted through a double-barrier structure to create a buried 
resistive layer. If the im plantation-created damage within the double-barrier 
structure could be annealed without removing the buried resistive layer, the vertical 
isolation of electronic devices in a semiconductor wafer having two levels of devices 
could be attained; thus expediting the three-dimensional integration of the devices 
(where the second level of devices would be beneath the resistive layer).
The subsequent elucidation of the electronic and structural characteristics of 
implanted-and-annealed double-barrier diodes was the other principal objective of 
the work: routine variable-temperature DC measurements, AC measurements, 
theoretical modelling of conduction-band edges, x-ray diffraction, and electrically- 
active impurity profiling were carried out.
The thesis is divided into four distinct parts: part 1 introduces the relevant 
details of the devices and im plantation processes used, part 2 describes the 
experim ental procedure used and the resu lts obtained during the process- 
development work described above, and part 3 describes the investigations of the 
electronic and structural characteristics of implanted-and-annealed double-barrier 
diodes. Part 4 concludes the thesis. As mentioned above, many experim ental 
techniques and apparatus were used throughout the work; hence the absence of the 
usual introductory chapter describing all the experimental procedures used. Each 
experimental procedure is described when mentioned first in Parts 2 and 3.
Chapter 1 introduces and summarises the relevant physics of the devices 
investigated  in chapters 3 to 6. The theory of quantum-mechanical tunnelling  
through a single-barrier tunnel diode is introduced. Although the physics of the 
single-barrier tunnel diode is unusual and interesting, it is still primarily a 
‘research-only’ device. The only application likely to be a future commercial reality, 
i.e. the use of a single-barrier structure to detect microwave signals, is described. 
With reference to that application, the basics of microwave detection and mixing are
xii
reviewed. Secondly, the electronic transport through a double-barrier diode is 
described. Since those first observations of resonant tunnelling were made by 
Chang, Esaki and Tsu, almost every aspect of the double-barrier diode has been 
investigated, and a countless number of applications have been proposed. This 
section focuses attention on arguably the most useful application for the double­
barrier diode, namely the generation of microwave signals.
Ion implantation has been incorporated into the fabrication of commercial 
electronic devices since the early 1960s. It can be used to create both n and p-type 
layers in selected volumes of a semiconductor, to synthesise a compound of the 
original semiconductor and the implanted atoms, or to create high-resistivity layers 
between adjacent electronic devices (the technique known as implant isolation). 
Chapter 2 introduces the transport of implanted ions through solids, and the two 
complementary implant-isolation processes which have been developed (both of 
which were attempted during the work described in parts 2 and 3). Chapter 2 is not 
purely introductory: the first ten months of the author’s research at Surrey are 
described very briefly therein. The three ion accelerators used during the work 
described in the subsequent chapters are described briefly at the end of the chapter.
Chapter 3 is the first of four chapters describing the use of ion implantation 
during the processing of double-barrier resonant-tunnelling diodes. It begins with 
an introduction to what was the first of the two principal objectives of this research, 
namely the development of an implantation process with which the horizontal and 
vertical integration of m ultilayer tunnel-diodes in a two-level wafer could be 
attained. The results of the preliminary investigations carried out to discover 
whether a near-surface double-barrier structure (consisting of quantum-length scale 
layers) could withstand an implantation-and-anneal process are described. To create 
a damaged resistive layer at a depth of about two microns, several doses of 300keV 
protons were implanted through the double-barrier structures; these were then 
subjected to an appropriate rapid thermal-annealing process.
The second set of attempts at creating an electrically-isolating layer two 
microns below a near-surface double-barrier structure are described in Chapter 4. 
Implantations of either C+ ions or Mg++ ions to create a chemically-compensated 
resistive layer were carried out. AC measurements of the net carrier density as a 
function of depth in Mg++-implanted bulk GaAs specimens were also carried out. The 
anneals which attained the most useful activation of implanted atoms in this bulk 
GaAs were used to repair the double-barrier diodes, the DC characteristics of which 
were investigated subsequently. The post-anneal DC performance of asymmetric
xiii
spacer-layer tunnel diodes, which are su itable devices for integration  w ith  
double-barrier diodes (see Chapters 1 and 3) were investigated also.
Understanding the physics of the electronic transport through an implanted- 
and-annealed double-barrier diode would facilitate the designing of a diode which 
performs optimally after one of the implantation-and-anneal processes described in 
C hapters 3 and 4. Detailed investigations of the electronic transport through 
implanted-and-annealed near-surface double-barrier diodes are described in  
Chapter 5. This work involved variable-temperature DC measurements carried out 
before annealing, and between each annealing stage. In addition to the expected 
results, a few surprising results were obtained, the explanations of which are 
described. Also described is the theoretical modelling of conduction-band edges 
which was carried out in conjunction with the experimental work.
Chapter 6 describes the investigations of the annealing characteristics of 
GaAs where resonant tunnelling was used as a probe of the large-scale structural 
changes within the device mesas. Again, DC measurements at various temperatures 
were conducted between each annealing stage. To corroborate some of the more 
unusual results obtained during these routine DC measurem ents, some of the 
implanted-and-annealed m aterial was subjected to AC measurem ents at 77K, 
very-low bias DC measurements at 4.2K, and fixed-bias DC measurements at 4.2K 
where the current was measured as a function of time.
The thesis is concluded by Chapter 7, which contains several feasible  
suggestions for how the author’s research could be continued.
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PART 1
Introduction
Chapter 1
1
T h e  p h y s ic s  a n d  a p p l ic a t io n s  o f  s in g l e - 
AND DOUBLE-BARRIER TUNNEL DIODES
1 . 1  - Introduction
The inventions of advanced multilayer electronic devices such as the high  
electron-mobility transistor1, the heterojunction bipolar-transistor2, the hetero­
junction Gunn diode3, etc. resu lted  prim arily from the developm ent of both 
molecular beam epitaxy4 (MBE) and metal-organic chemical vapour deposition4 
(MOCVD) as methods of growing semiconductor crystals layer by layer. The 
ultim ate abilities of both MBE and MOCVD are such that the dopants can be 
confined almost to a single atomic layer, and/or crystal layers almost as thin as a 
single atomic layer can be grown. The physics and applications of the two III-V 
semiconductor multilayer structures investigated during this work, both of which 
incorporate layers thinner than 6nm, will now be described.
1.2 - The single-barrier tunnel diode
The Esaki tunnel diode5,6 and the Josephson junction5 were the first devices 
which utilised quantum-mechanical tunnelling phenomena for useful applications. 
Because of the inadequate growth-technologies used to manufacture semiconductor 
materials before the inventions of MBE and MOCVD, it was not until the mid-1970s 
before the first useful single-barrier tunnel diode (SBD) could be fabricated. Since 
the m id-1970s the SBD has been investigated  thoroughly by many research  
groups7'9, and one potentially useful commercial application for the single-barrier 
structure has been demonstrated8.
Chapter 1 The p h y s ic s  a n d  a p p l ic a t io n s  o f  s in g l e - a n d  d o u b l e -b a r r ie r  t u n n e l  d io d e s 2
1.21 - Modelling the DC characteristics
To model the qualitative DC characteristics of an SBD, the quantum  
mechanics of an electron which has kinetic energy E  incident on a potential barrier 
of thickness W  and height (j), where §>E , must be considered. At each interface of the 
potential barrier w ith the m aterial on either side of it, the solutions of the  
Schrodinger equation must be matched. The momentum of the electron is given by
k  = [2m*E/?l2]0'5 outside the barrier, and (1-1)
IC= [2m*(§ - E)/H2]0* (1-2)
inside the barrier, m* and ti are their usual quantities. Within the layers depicted in 
figure 1.1 the electron wavefunctions are given by
exp( ikz) + r  exp(4 k z )  in layer 1, where r is the reflection amplitude; (1-3)
Fw exp(2£z) + expi -K z)  in layer 2; and (1-4)
£texp(i&£) in layer 3. (1-5)
F w an d  2?w are the amplitudes of the forward- and backward-travelling waves 
respectively, z  is the direction of motion of the incident wave, and t t is the amplitude 
of the transm itted wave. By applying equations (1-3) to (1-5) the transm ission  
probability can be determined if the incident wave is normalised, qCven.
T(E)  = \ t t | 2 = [ exp(-^W)[l - x2]/[exp(XW) - %2exp(-KW)] | 2 where (1-6)
% = ( K + i k ) K K - i k )  (1-7)
If 25«|> then | % \ = 1; therefore, T(E )  will be small. If E > §  then the equation
K >2 -  2 m * (E  - (j))/h2 (1-8)
gives the momentum of the electron within layer 2, and the transmission probability 
is now given by
Chapter 1 T h e  p h y s ic s  a n d  a p p l ic a t io n s  o f  s in g l e - a n d  d o u b l e -b a r r ie r  t u n n e l  d io d e s 3
Energy
Depth
Incident electron - -*• -  --
E
Layers
2
w
Figure 1.1 A schematic of the conduction-band edge across a single barrier.
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T(E) =  | exp(-z&W) [1 - 02]/[exp(i K ’W) - 02 exp(-fJBTW)] | 2 where (1-9)
0  =  o r  +  k ) / ( K  - k ) .  ( 1 - 1 0 )
If E > §  then T (E ) will therefore he almost equal to unity. Figure 1.2a depicts the 
transmission probability of an electron as a function of E  when incident on a typical 
potential barrier. The current of electrons transmitted through the potential barrier 
as a function of voltage (the ‘/(V)’ characteristics of the SBD) is modelled as follows: 
the products of the occupancy of all the original states, the normal incident group 
velocity of the original states, and the energy- and bias-dependent transmission 
coefficient of the electrons at the barrier are integrated with respect to E.
1.22 - Detection of microwaves
The 7(V) characteristics of the SBD are non-linear but antisymmetric. If the 
doping profile in the layers above the potential barrier is very different to that below 
then the 7(V) characteristics will also be asymmetric (i.e. AC rectifying) because 
different proportions of the bias voltage will be applied above and below the barrier. 
Efficient 7(V) rectification is fundamental for the detection of microwaves9 (see
figure 1.2b). If a signal Vsigcos(27c/i0 is incident on a diode which has such 7(V) 
characteristics (where f  is frequency and t  is time) then by carrying out the Taylor 
expansion
i = i0 + (dJ/dV) I yo (v-v0) + (o.sxd /^dv2) I Vo (V-V0)2 (1-11)
about the DC bias point (V0, 70), the induced current passing through the diode will 
include a DC term pW2 (where P is defined as d^/dV2). p is directly proportional to 
the ‘curvature coefficient’ at (V0,70), which is given by (as stated by Syme10)
a = (d27/dV2)/(d7/dV). (1-12)
The DC term resulting from the Taylor expansion could be detected easily if p was 
relatively large and/or the bias voltage across the diode was zero.
1.23 - The asymmetric spacer-layer tunnel diode
The asymmetric spacer-layer tunnel (ASPAT) diode8,10 is an SBD which has 
an asymmetric doping profile above and below the potential-barrier layer, and
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Figure 1.2 a) T{E) of an electron incident on a single barrier; and b) the rectifying /(V) 
characteristics necessary for the detection of microwave signals (the two 
parts of the figure are not correlated).
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therefore can be used to detect microwaves. The layer structure of a typical ASPAT 
diode is  dep icted  in figu re  1.3, onto w hich  the conduction-band edge is  
superimposed. The 3nm-thick AlAs layer creates the thin potential barrier through 
which tunnelling of electrons occurs. The only asymmetry within the structure is the 
very different thickness of undoped GaAs above the AlAs to that below it. The 5nm 
undoped GaAs layer above the AlAs is not necessary for good AC rectification in 
theory, but is grown in practise to minimise the (detrimental) diffusion of Si into the 
AlAs from the n-doped m aterial during its  growth; thus m inim ising electron 
tunnelling through Si-associated states within the band-gap of the AlAs when 
biased (such tunnelling would ‘short out’ the AlAs potential barrier).
Above and below the AlAs, a 50nm n-doped layer is usually grown between 
the undoped layers and the n+ contacts. The n-doped layers are grown to change the 
bending of the conduction-band edge such that a low but broad potential barrier is 
created below the n+ contacts, and a thin ‘accum ulation layer’ (~5nm thick) 
contiguous to the emitter barrier is created when the structure is biased. When 
biased, the electrons in the n+ contacts are emitted thermionically over the broad 
and low potential barrier; these electrons can either tunnel through the AlAs 
ballistically (which most do not do) or, before tunnelling, they can thermalise into 
the accumulation layer (which most do). The bending of the conduction-band edge 
within the accumulation layer is abrupt enough to cause quasi two-dimensional 
(quasi-2D) quantisation of the electron states therein. Figure 1.2b depicts the 
experimental I(V) characteristics of a typical ASPAT diode11. The high rate at which 
the forward-bias current increases with bias voltage is a result of the quasi-2D 
quantisation of the original electron states: the majority of the states are not spread 
out in a quasi-3D continuum of energy, but are at a very similar discrete energy; 
thus resulting in a sharp increase of the current with bias because most of the 
incident electrons have a very similar transmission probability at a specific bias.
When compared to the planar-doped barrier (PDB) diode12 and other  
microwave-detector diodes, the ASPAT diode is a low-noise device which has good 
sensitivity, very good dynamic range, and excellent temperature stability. Also, the 
AlAs potential barrier within the ASPAT diode structure is easier to fabricate than 
the p-type 5-doped layer w ithin the PDB-diode structure. The doping profile 
necessary to attain the highest performance ASPAT diode involves a compromise: it 
should always include 1) very high doping in the n+ contacts to provide enough 
tunnelling electrons; and 2) an emitter spacer-layer having i) a low enough
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Figure 1.3 A schematic of the layer structure and conduction-band edge of a typical 
ASPAT diode (in forward bias).
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resistance to transfer a high current of electrons from the n+ contacts to the AlAs, 
but ii)  a low enough  F erm i le v e l (EF) to en su re  th a t th e  bend ing  of the  
conduction-band edge contiguous to the AlAs was abrupt enough to create an 
accumulation layer populated by many thermalised electrons (in quasi-2D states).
1.24 - Mixing microwaves
W hen u sin g  rad io-frequ en cy  (RF) sy stem s for com m unication , the 
transmission of information involves the modulation of the carrier signal (the RF) 
with the audio/video signal to be communicated (a much lower frequency). The 
received signal must be demodulated to extract the audio/video frequencies. For 
both the m odulation and dem odulation of RF signals, a m ixer10 device with  
non-linear 7(V) characteristics is necessary. Assuming the received signal is given by
V  = A(1 + m cos2K pt)cos2n ft  (1-13)
(where A is a constant, /  is the carrier frequency, p  is the modulation frequency, and 
m  is the m odulation factor), the output signal of a diode w ith rectifying I(V) 
characteristics would be
1= ZDC + pA2m.cos2rcp/ + higher frequency terms (1-14)
where IDC is the resulting DC term. The higher-frequency terms can be filtered out 
by a low-pass filter. The magnitude of the audio/video signal may, however, be very 
low compared to the 1 If  noise; therefore, the carrier signal is mixed with a signal 
from a local oscillator (LO). By designing the LO frequency to be slightly different to 
the carrier frequency, the difference frequency will be very much lower and could be 
amplified more easily; thus resulting in a large increase of the signal-to-noise ratio 
of the detection system. Mixing systems are, unfortunately, relatively expensive but 
by integrating a microwave-detector diode with an LO on the same circuit, obviously 
the cost and complexity of such systems is much less; this has been attained using 
transistor structures integrated horizontally. A circuit in which a dedicated  
high-performance microwave-detector diode is integrated both horizontally and 
vertically with a dedicated high-performance microwave-generator diode (to form a 
high-performance microwave-mixer integrated circuit) cannot be fabricated when 
using present-day crystal growth and processing technology.
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1.25 - Summary
The physics of quantum-mechanical tunnelling through a single-barrier 
structure has been described. A microwave-detector diode which makes use of 
tunnelling through a single barrier was compared to other microwave-detector 
devices, and its excellent all-round performance at RF was m entioned. The 
advantage of integrating a microwave-detector diode with an LO, thus forming a 
microwave-mixer device, was described.
1.3 - The double-barrier resonant-tunnelling diode
A device which could be used as the LO mentioned above is the double-barrier 
resonant-tunnelling diode13 79 (DBD). Resonant tunnelling of electrons through a 
double-barrier structure was described theoretically in the early 1960s, and was 
first observed experimentally in 1974 by Chang e t  a l ls. The double-barrier structure 
consists of a pair of thin potential barriers, between which is a thin layer (usually an 
undoped layer of the substrate crystal) containing at least one confined energy-state 
(as depicted in figure 1.4).
1.31 - Modelling the qualitative DC characteristics
To calculate the transm ission coefficient of an electron incident on this 
structure, the same theory as that used for the single-barrier structure is applied. 
An electron is incident on the first potential barrier, and, depending on E ,  it will be 
either reflected or transmitted. Consider the exponential growth and decay of the 
electron wavefunctions between the potential barriers (length L  apart, and each 
having thickness W), and the travelling wavefunctions within the three other layers: 
a wave is incident on the first potential barrier, some of which is reflected and the 
remainder is transmitted through the entire double-barrier structure.
Using the same definitions of k , K , and K* as those used in the previous 
section, the transmission probability of an electron incident on the double-barrier 
structure is given by5
T (E) = 8 exp(-ik(L  + 2W))
[Dx exp(-2K W )  + D 2 exp(2i£W)]
where, for E<(j), (1-15)
D x = 2Cos(&L)(2 + 1/0 + 0) -jSin(&L)(02 + 20 + 2 + 2/0 + 1/02) and (1-16)
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Figure 1.4 A schematic of the layer structure and conduction band-edge of a typical 
A^Ga^As/GaAs DBD.
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D 2 = 2Cos(&L)(2 - 1/0 - 0) - ;Sin(£L)(02 - 20 +2 - 2/0 + 1/02) where (1-17)
Q=ik/K. (1-18)
D 1 and  D 2 can be considered as functions of energy. Note that when E < §  the  
‘exp(2i£Wy factor in equation (1-15) is preponderant; therefore, T(E)  will be small. If 
D 2 in equation (1-15) is zero then T(E)  would be almost unity: it would seem as 
though the double barrier did not exist. Within the layer between the potential 
barriers there are confined energy-states: it is when E  is degenerate with one of the 
confined states th a tD 2= 0, and a large current of electrons can flow through the 
double-barrier structure; this is known as ‘resonant tunnelling’. If it is assumed 
that both the thickness and the height of the potential barriers are equal, T (E )=  1 
when the exponential decay of the waves within the potential barriers is prevented 
by the constructive interference of the forward- and backward-travelling waves 
between the barriers. In real devices, however, T(E) is always somewhat less than 1 
because the two intentionally-identical potential barriers will have neither an 
identical thickness nor an identical composition.
1.32 - Typical l (V )  characteristics
Figure 1.5 depicts the /(V) characteristics of a typical AlxGal xAs/GaAs DBD, 
which can be explained as follows (with reference to figure 1.4): assuming there is 
one confined energy-state between the barriers, resonant tunnelling occurs at the 
bias at which the confined state  is degenerate w ith the uppermost quasi-2D  
sub-band within the accumulation layer. If the bias voltage is increased then the 
confined energy-state will be brought below the energy of the uppermost sub-band; 
therefore, the current decreases because the two energy states are no longer 
degenerate. The current decreases with increasing bias until either the confined 
energy-state is degenerate with a lower-energy quasi-2D sub band (if one exists) or 
when the second potential barrier becomes small enough to allow the tunnelling  
electrons to pass over it. The second and third resonances depicted in figure 1.5 are 
tunnelling through to the confined energy-state from the uppermost sub-band and 
the lowest sub-band respectively. The electron population of the uppermost sub­
band is always smaller than that of the lowest because of its higher energy relative 
to  E f w ith in  the emitter. The resonant-tunnelling current increases with the 
electron population of the sub-band from which the tunnelling electrons originated.
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Figure 1.5 Jhe^V) and [d//d\/|(V) characteristics of a typical A^Ga^As/GaAs DBD.
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Therefore, the first tunnelling current is always smaller than the second. Wu e t  a l u  
proved the ex isten ce of three sub-bands w ithin  the accum ulation layer of a 
specially-designed Al04Ga06As/GaAs DBD.
Resonant tunnelling originating from the quasi-continuous 3D emitter states 
can also occur, preponderantly so within double-barrier structures which have no 
spacer layers - no accumulation layer contiguous to the emitter barrier is created in 
such structures. The peak current of this ‘3D-2D’ resonant tunnelling is, however, 
much less abrupt than that of the ‘2D-2D’ tunnelling described above because of the 
quasi-continuousness of the original energy states. The first resonance depicted in 
figure 1.5 is attributed to 3D-2D resonant tunnelling of electrons originating from 
the quasi-continuous 3D emitter states.
Negative differential-resistance
When, w ithin  a certain range of bias, the current flowing through an 
electronic device decreases with increasing bias (as described above) its differential 
resistance and differential conductance (dl/dV) are, obviously, both negative. Figure
1.5 depicts the [dZ/dV](V) characteristics derived from the /(V) characteristics. Note 
that negative differential-resistance (NDR) occurs twice: when the DBD is biased 
beyond both the second-resonance voltage and the main-resonance voltage (Vp). 
NDR is essential for conversion of DC power to RF power (more details of this will 
be described in sub-section 1.3 3).
The peak-to-valiey current ratio
A very useful gauge-of-quality for DBDs is the peak-to-valley current ratio 
(PVCR). Figure 1.5 depicts a room-temperature PVCR of ~1.7:1, which is a mediocre 
PVGR for the A^Ga^As/GaAs m aterial system  (4.0:1 is the h igh est room- 
temperature PVCR attained when investigating a AlxGalxAs/GaAs DBD). A 295K 
PVCR of 51.6:1 has been observed when investigating diodes made of other 
materials15. To attain a high main-resonance peak current (/ ) the potential barriers 
within a DBD should be thin, and the doping profile within the emitter should be 
such that an accumulation layer populated by many electrons is created when the 
structure is biased (see sub-section I . 2 3 ) .  To attain a low valley-current (7v) the 
potential barriers should be high. The existence of populated quasi-continuous 3D 
em itter states and/or more than one populated quasi-2D sub-band within the 
accumulation layer increases I y because there are more sta tes  from which a
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non-resonant tunnelling current of electrons can originate.
With decreasing temperature the extent of thermionic emission of electrons 
over the double-barrier structure, and the inelastic scattering of tunnelling electrons 
caused by absorption of phonons both decrease; therefore, 7v decreases. With 
decreasing temperature both the number of available collector states, and the 
abruptness of the distribution of populated electron states within the accumulation 
layer increase; therefore, the resonance peak becomes sharper and, consequently, 7p 
increases. With decreasing temperature the combination of the decrease of7v and 
the increase of 7p results in a large increase of the PVCR. Figure 1.6 depicts the 77K 
and 295K7(V) characteristics of a typical DBD.
LOP-assisted resonant tunnelling
The paragraph above describes the scattering of resonant-tunnelling  
electrons by absorption of phonons. Resonant-tunnelling electrons can also be 
scattered inelastically by the emission of longitudinal optical phonons (LOPs). The 
small peaks in the 77K valley-current region depicted in figure 1.6 are caused by 
this so-called LOP-assisted resonant-tunnelling16: at the bias voltages at which  
these small peaks occur, the confined energy-state between the barriers is ~45meV 
below the quasi-Fermi level (E Facc) within the accumulation layer (the energy of an 
LOP at an AlAs-like interface is 47meV). LOP-assisted resonant-tunnelling is 
observable most easily when the main resonance is abrupt, and when both the 
intrinsic 7v and the value of [EFacc - Z£0acc] are low17 (where E 0acc is the energy of the 
uppermost populated quasi-2D sub-band within the accumulation layer).
Experimental /(V) characteristics
Figure 1.6 depicts an (unintentional) asymmetry between the forward and 
reverse bias 7(V) characteristics of the DBD; this is usual, and is caused by an 
asymmetry of either the dopant distribution or the double-barrier structure itself.
The 295K/(V) characteristics depicted in Figure 1.6 include discontinuous 
experimental data in the region of NDR; these are a consequence of there being very 
small oscillations on the power supply which cause the DBD to oscillate. Connecting 
a capacitance in parallel with the DBD can eliminate this unwanted effect18 if  the 
resistance at V0 (see figure 1.5) is larger than ~ lk£2; however, its occurrence during 
7(V) measurements is not a problem if all one wants to measure is the PVCR.
The forward-bias 7(V) characteristics at room temperature have current
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Bias voltage (V)
Figure 1.6 The forward- and reverse-bias l(V) characteristics of a typical DBD. The 
numbers in brackets are the PVCRs in forward and reverse bias.
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bistability in the region of Iv. Space-charge accumulation between the barriers at 
resonance was once suggested as an explanation for this current bistability, but 
after much debate18 the consensus is that the bistability is another effect caused by 
the extrinsic oscillations described above. Nevertheless a current bistability caused 
by the intrinsic accumulation of space-charge does exist in some biased DBDs19"24.
1 .33 - Generation of microwaves
With reference to figure 1.5, if a DBD is biased at Vo then the addition of a 
sm all RF signal w ill decrease the current. When used th is way the DBD is 
analogous to a conventional inductance-capacitance-resistance (L C R ) circuit: the 
amplitude of the RF signal applied to the biased diode will increase exponentially 
until it is equal to AV, i.e. the RF signal will be amplified by the diode.
DBDs have the widest bandwidth of any amplification device: the fastest 
electronic device tested at the time of writing is an InAs/AlSb DBD, investigated by 
Brown e t  a l25, which operates at 712GHz. AlAs/GaAs DBDs have been observed 
operating at 420GHz26. Potentially, DBDs should be able to operate at more than 
ITHz. The maximum frequency at which a DBD has NDR is given by
f c = l/[(27iR NC)(R N/i?s- l ) iy2] (1-19)
where P N is the m agnitude of the NDR, R s is the resistance in series with the 
double-barrier structure, and C is the capacitance of the diode.
When f « f c the maximum RF-power output and the DC-to-RF conversion 
efficiency of a DBD can be approximated by
^ m a x = ( 3/16)A l A y  (1-20)
and r\ = Pmax/[(/p - AIf2)(Vp +  AV/2)] respectively. (1-21)
Typical values of Pmax and rj are ~103W and -10% respectively. Pmax is lim ited  
fundamentally by AV (-0.25V), which is a function of both the conduction-band 
offsets and the energy of the confined state between the barriers (P0con).
1.34 - The quantum-well injection transit-time diode
For commercial applications it is necessary to increase both the maximum
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power-output and the DC-to-RF conversion efficiency of the DBD because compared 
to other devices, such as the heterojunction Gunn diode and the impact-avalanche 
transit time (IMPATT) diode5,80, the DBD can generate only small amounts of RF 
power. If a relatively-thick undoped layer existed between the double-barrier 
structure and the collector, A V  in equations (1-20) and (1.21) would be larger 
because an increased proportion of the bias voltage would exist across the thick 
undoped layer. The DC-to-RF conversion gff Cciency of a double-barrier structure 
would therefore increase w ith  in creasing  th ickn ess of the undoped layer. 
Consequently, the transit time of the electrons through the undoped layer would 
increase; thus decreasing f c. When configured this way, the double-barrier structure 
performs as a quantum-well injector of electrons into the undoped layer; hence the 
name quantum-well injection transit-tim e (QWITT) diode. QWITT diodes can 
perform impressively: r\ -50% and Pmax ~20mW per diode have been measured at 
2GHz when investigating In053Ga047As/AlAs devices27. A lxGalxAs/GaAs QWITT 
diodes have the potential to generate ~4mW of power per device. The high- 
efficiency/moderate power-output of the QWITT diode is the performance necessary 
for short-range communication system s, and it is in this application that the 
double-barrier structure is, arguably, most likely to be used commercially.
1.35 - Summary
The basic theory of resonant tunnelling through a double-barrier structure 
has been described both mathematically and conceptually. Resonant tunnelling  
from both quasi-continuous 3D states and quasi-2D sub-bands within the emitter 
were described and compared. Some of the phenomena associated with resonant 
tunnelling were described, e.g. the tunnelling of electrons scattered by LOPs; and 
the current bistability caused by extrinsic oscillations of the bias voltage. Intrinsic 
bistability, an unusual phenomenon investigated recently, was mentioned. Also 
mentioned were the impressive DC and RF performances of some of the advanced 
and exotic double-barrier structures investigated recently, and the moderate 
capabilities of AlxGalxAs/GaAs double-barrier structures. The g en era tio n  of 
microwaves by utilising the NDR of the double-barrier structure between certain 
bias-voltages was described, together with the design of a such a structure which 
has the p otentia l to become a com m ercial m icrow ave-generator device in  
short-range/high-efficiency communication systems.
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Io n  im p l a n t a t io n  f o r  t h e  e l e c t r ic a l  
ISOLATION OF lll-V SEMICONDUCTOR DEVICES
2 . 1  - Introduction
The physics and applications of ion implantation for the electrical isolation of 
III-V semiconductor devices were reviewed recently by Pearton1. The majority of this 
chapter is a summary of the relevant details described in Pearton’s review, but the 
important contributions of others (including those of the author) are also described. 
The chapter ends with a description of the ion accelerators used by the author.
N.B. Hereafter the phrase ‘ion implantation for the electrical isolation’ will be 
shortened to ‘implant isolation’.
2.2 - Implant isolation techniques
There are two different implant-isolation techniques which can create highly 
resistive material in both n and p-type III-V semiconductors: the technique used 
most often is the implantation of a neutral element2'5, such as H, He, B, or O, which 
creates defects that trap free electrons within the deep electronic states6-7 associated 
w ith  the defects - the defect sta te s  being several hundred meV below the  
conduction-band edge. The other implant-isolation technique involves the creation of 
high-resistivity within the material by implantation of an elem ent which, after 
annealing, moves onto a lattice site to chemically-compensate the original dopants8-9. 
For a specific application the most effective implant-isolation technique will depend 
on th e  h ig h est tem p eratu re  at w h ich  any su b seq u en t p rocessin g  of the  
ion-implanted material will occur: most implantation-created damage anneals at a
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temperature which is dependent on both the implanted dose and the mass of the 
ions, e.g. most of the damage created by medium-dose He+ and 0 + implantation 
anneals at 500°C and 600°C respectively. The movement of an implanted element 
onto a lattice site to create chemical compensation, however, does not occur until 
temperatures higher than 650°C have been attained.
Implant isolation is an expedient alternative to chemical etching because it 
avoids the creation of active surface-states and non-planar surfaces, and, in general, 
there is less lateral intrusion underneath the mask. These advantages have meant 
that implant isolation has been incorporated into the fabrication of many electronic 
devices1016. Sub-sections 2 .2 1  and 2 .2 2  describe the two different implant-isolation 
techniques, both of which have been used during the investigations described in 
Chapters 3 to 6.
2.21 - Ion implantation to create damaged layers
The implantation of ions to create defects in a crystal lattice was the
technique used most often during this work. Defects in solid materials are created 
by elastic collisions of the implanted ions with nuclei or whole atoms: the target 
atoms absorb some of the kinetic energy of the ions, and if  the absorbed energy is 
greater than the energy necessary to remove the atom from its lattice site then a 
vacancy is created. Associated with the vacancies are electronic states which can 
trap free electrons. The displaced nuclei which recoil from the implanted ion may 
have enough energy to displace other nuclei; this leads to a ‘cascade’ of recoiled 
atoms. Eventually the cascade ends when the energy absorbed per collision becomes 
too small for the creation of vacancies.
The energy absorbed by nuclear stopping is proportional to both the total 
energy transferred during all individual collisions, and the atomic density of the 
target. If the interaction of the implanted ion with a target nucleus is considered to 
be a Rutherford collision, i.e. an elastic collision between two hard spheres, then 
such an interaction causes the ion to be deflected from its initial trajectory. The 
repulsive potential between the two particles is given by
Vr = [Z1Z2e2/47ieord] [a/rd] (2-1)
w here a/rd is the Thomas-Fermi screening function which gives the electron  
screening of the nuclear repulsion, rd is the average closest-d istance an ion
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approaches a nucleus, and Z x and Z2 are the atomic numbers of the incident ion and 
the target nucleus respectively, a  is given by
a  = 0.885a0 where a 0 is the Bohr radius (0.53A). (2-2)
( Z ™  +
The nuclear cross-section of the solid as ‘experienced’ by the ion is given by
S (E) = -(l/N)(dE/dX) eV cm2 (2-3)
where N  is the atomic density of the solid, and dE/dX is the energy loss per unit
distance caused by nuclear collisions (assumed to be elastic); this is given by
-dE/dX = (2.8x10-15)(Z1Z2M1A0 eV cm"1 (2-4)
(Z j273 + Z 22/3)(M 1 + M 2)
where M 1 and M 2 are the mass numbers of the incident ion and the target nucleus 
respectively.
Ion mass
When implanted into a crystalline material, light ions such as protons or He+ 
ions cause relatively-little damage to the crystal lattice: initially they slow down 
primarily by electronic-stopping processes, e.g. the ionisation of target atoms, which 
cause little  damage to the lattice, but nuclear stopping becomes the primary 
energy-loss mechanism when the ions have slowed down at the ends of their  
trajectories. A heavier ion, however, can damage the la ttice along its entire  
trajectory because it is slowed down precipitously by nuclear stopping.
The efficiency of damage creation
The total number of atoms displaced by an implanted ion is given by
Nd ~ E/2Ed (2-5)
where Ex is the total energy loss of a particle during primary and secondary nuclear 
collisions, and Ed is the displacement energy of a lattice atom (~20eV in GaAs). Nd
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for a lOkeV 0 + ion in GaAs is -105, for a 200keV 0 + ion it is -860, and for a 200keV 
proton it is -12. At a specific ion-energy, therefore, 0 + ions are more efficient at 
creating damage than protons. The relative inefficiency of proton implantation 
necessitates the implantation of larger ion-doses to create a specific amount of 
damage. At a specific energy, however, protons have a longer range than any other 
(heavier) ion; this makes proton implantation useful for long range damage creation 
when the terminal voltage of the ion accelerator is limited to ~200kV, which is the 
usual maximum of commercial accelerators12.
With increasing damage, the creation of an amorphous layer involves a 
sudden collapse of the crystalline structure. The minimum ion dose needed to create 
an amorphous layer, assuming that all the target atoms must be removed from their 
lattice site to do so, is given by
4 U  ~ 2 E < F  (2-6)
(dE/dX).
Equation (2-6), however, does not regard the temperature dependence of the damage 
creation during ion implantation: an increase of dose rate (ion-beam current) may 
decrease (j)^  because the damage can accumulate before it self-anneals; however, 
when using very large dose rates the sample may heat up to a temperature at which 
an amorphous layer is never created because of the occurrence of in trinsic  
annealing17 during the implantation process.
Types of lattice defects
The simplest implantation-created lattice defect consists of a vacancy and the 
associated displaced atom (known as an interstitial); this is known as a Frenkel 
pair. Divacancies, trivacancies, clusters of vacancies, and clusters of interstitials can 
be also created by ion implantation. More complex defects such as line dislocations 
caused by the accumulation of point defects are common within ion-implanted 
material. With increasing ion dose the defects begin to overlap, and an amorphous 
layer is created eventually. As mentioned above, some intrinsic annealing occurs 
when implanting ions into GaAs: microcrystalline structures can be created within 
the amorphous layer when this is so.
Damage distributions
Three different implantation-created distributions of damage are depicted in
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figure 2.1a; these were calculated using the well-known ‘TRIM’ Monte Carlo ion 
implantation sim ulation software18. N o te  th a t d u rin g  th e  tw o lo n g -ra n g e  
implantation processes there exists relatively-little damage near the surface, i.e. 
most of the damage is at the end of the range of the ions: nuclear energy-loss is 
small at high ion-energies because fast ions have only a short time to interact with a 
target nucleus, and it is only when the ions have slowed down at the ends of their 
trajectories that nuclear stopping and, hence, considerable damage creation occurs. 
Figure 2.1b depicts the relative sizes of the electronic and nuclear stopping in GaAs 
during an implantation of 2MeV B+ ions: note that the amount of electronic stopping 
remains larger than the nuclear stopping along most of the ion trajectory; this is 
typical of most long-range implantation processes.
The theoretical distributions of damage depicted in figure 2.1a are ‘worst-case 
scenarios’, i.e. they represent the maximum damage which could result experiment­
ally. The amount of intrinsic annealing of damage during ion implantation increases 
with the temperature at which the implantation is carried out. The near-surface 
damage, in particular, can be minimised19 by carrying out the implantation process 
at relatively-high temperatures (~100°C to 300°C); this is an important fact which 
was considered during the work described in subsequent chapters.
Varying the ion-beam current
As mentioned above, varying the ion-beam current can change the amount of 
damage created by a specific implantation process. Before this research project was 
commenced, very few measurements had been carried out to investigate the effects 
of varying the ion-beam current20 during implant isolation of electronic devices. To 
become familiar with some of the experimental procedures to be used during the 
work described in Chapters 3 to 6, a project which involved implant isolation of a 
simple multilayer structure in GaAs was carried out during the first ten months of 
the author’s research: the results of this project demonstrated the effects of varying 
the ion-beam current. The test material was Si 5-doped GaAs21'22 grown by MBE (a 
§-doped semiconductor has all its dopants confined to a very few atomic layers). The 
insets of figures 2.2 and 2.3 depict the depth of the 6-doped layer, and the theoretical 
distribution of vacancies created in GaAs by the two isolation steps used (calculated 
using TRIM). The first isolation step was a room-temperature implantation of lxlO 14 
30keV protons cm-2 into several samples onto which Hall-bar masks of photoresist 
had been spin-coated and developed23. To create more damage around each isolated
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Depth (pm)
Figure 2.1 a) The TRIM-calculated theoretical distributions of vacancies in GaAs 
implanted with 30keV protons, 300keV protons and 750keV He+ ions; and 
b) both the electronic stopping and nuclear stopping within GaAs during an 
implantation of 2MeV B+ ions.
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Hall-bar specimen, a room-temperature implantation of lxlO 14 45keV protons cm 2 
was carried out at a later date. The lateral spread of the 45keV protons would have 
been greater than that of the 30keV protons (the lateral spread of an ion in a solid 
increases with the depth it reaches); therefore, the second implantation step created 
more depletion of electrons underneath the mask .
The data obtained during the variable-temperature Hall-effect measurements 
of all types of specimen are depicted in figures 2.2 and 2.3. Good electrical isolation 
between adjacent Hall-bar specimens was attained by the first implantation step, 
but the measured free-electron density (n) w as 10*2% le ss  than  th at for an 
equivalent wet-chemical etched device. The second implantation step, when using a 
50nA ion-beam current, decreased n  by another 19±2%; this is attributed to the 
additional vacancies created within the already-implanted material, and to the 
greater lateral spread at 3000A of the 45keV protons. The temperature-dependent 
migration of defects into the masked material, which would decrease n  if it occurred, 
will have been unmeasurable within the large active region (720pm x 80pm) of the 
Hall bar used, and should have been inconsiderable at the maximum temperature of 
the samples during their preparation (160°C).
During the second implantation of protons into several specimens a 250nA  
beam current, which was still too small to have caused intrinsic annealing, was used 
instead: the result was a greater decrease of n, which is consistent with the results 
obtained during previous investigations of dose-rate dependent damage creation20.
The resistivity of implantation-damaged layers
Kato e t  a l 2A investigated the resistivity of implantation-damaged layers in 
GaAs as a function of ion m ass, ion dose, ion energy, anneal temperature and 
measurement temperature: it was discovered that the post-implantation sheet 
resistivity of a damaged layer of GaAs is many orders of magnitude higher than the 
pre-implantation resistivity (~102Q square'1). The post-implantation resistivity is 
never higher than 106Q square1 because at low bias the trapped electrons within the 
damaged layer can ‘hop’ from one defect state to another, a process which is 
activated thermally. Above 180K the current of hopping electrons is proportional to 
expCT )^, where T  is the absolute temperature; and below 180K it is proportional to 
exp( T m ), w h ich  is s im ila r  to th a t o f am orphous sem icon d u ctors at such  
temperatures. The sheet resistivity of ion-implanted GaAs can be increased to 
~107£2 square1 by annealing some of the mechanisms which cause the hopping of
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Figure 2.2 The 2D eiectron-density and electron mobility of wet-chemical etched 
5-doped specimens and implant-isolated 5-doped specimens (the dotted 
lines are guides to the eye). The inset depicts the measured depth of the
5-doped layer25, and the dam age distributions created by the two 
implantation processes.
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Figure 2.3 The 2D electron-density and electron mobility of wet-chemical etched
5-doped specimens and implant-isolated 6-doped specimens (the dotted 
lines are guides to the eye). The inset depicts the measured depth of the
6-doped layer25, and the dam age distributions created by the two 
implantation processes.
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electrons between defects. The optimum anneal-temperature used to decrease the 
hopping conduction of electrons and, hence, attain the highest resistivity increases 
with both the ion mass and the ion dose. After an implantation of -1 0 14 protons cm 2 
into GaAs the optimum anneal-temperature is ~200°C, after a dose of ~1015 cm~2 it is 
~260°C, after a dose of ~1013 B+ions cnr2 it is ~420°C, and after a dose of ~1012 0 + 
ions cm'2 it is ~580°C. To maintain adequate resistivity of the implantation-damaged 
GaAs it is essential, therefore, to know the maximum temperature at which any 
subsequent processing of the ion-implanted material will occur; however, other 
factors such as the depth of the layers to be damaged, and the maximum ion-energy 
attainable from the accelerator, may predetermine the element to be implanted.
Trapping and emission of electrons by defect states
At a finite temperature, each defect state continually traps and emits single 
electrons6-26. If in an n-type semiconductor there are n  free electrons per unit volume 
moving with RMS velocity <un>, n < v n> electrons per unit area per unit time passes 
over each defect state. If the density of defect states is N t, and at any moment the 
number of these populated with electrons is n v  the number of electrons trapped 
within the (N t-nt) empty states in a subsequent short time At is
An t = o n< vn> n (N t-nt)At (2-7)
where crn is the trapping cross-section of the state. The trapping rate of an empty 
defect state is therefore given by
cn = [(Ant/At)/(Nt-nt)] and, hence, (2-8)
Cn = a n<Vn>!l- (2-9)
When N t is very small relative to n, few electrons are trapped. When N \  is large
relative to n y all the once-free electrons are trapped within defect states; thus
greatly increasing the resistivity. The rate of change of electron population of a 
defect state is defined as
drct/d£ = cn(N t-nt) - enn t (2-10)
where en is the electron-emission rate of the state. In thermal equilibrium the
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population of a defect state is therefore given by
nJN. -  c/(c + e ) .t t n  ' n  n ' (2-11)
Alternatively, n t/N t can be described by the Fermi-Dirac distribution function: 
within a defect state at energy E t with degeneracy of y0 when empty, and y1 when 
populated by one electron, equation (2-11) is equal to
where k B is the Boltzmann constant. By combining equations (2-11) and (2-12), it 
can be shown that
n  increases with E F (as given by the Fermi-Dirac distribution function); therefore, cn 
is large when E F is large. When E F is small, cn is small. Unlike cn, an and en are not 
dependent on E F; these are intrinsic characteristics of the defect state.
As alluded to above when describing the degeneracy of a defect state, each 
state can be populated by more than one electron. By applying equation (2-12), it 
can be shown that the electron population within a defect state increases with E F. 
Blood and Orton6 show how, when E F is high, a defect state charged doubly-positive 
when empty can be populated by up to three electrons; this fact was considered 
when investigating some of the implantation-caused effects described in Part 3.
Enhanced emission of electrons from defect states
With increasing electric field, E t becomes effectively smaller (see figure 2.4). 
At a specific temperature, therefore, the thermal emission of electrons from the 
defect state is enhanced with increasing electric field; thus decreasing the number of 
trapped electrons (see equation (2-12)) and, hence, lowering the resistivity of the 
ion-implanted semiconductor. At high temperatures, a large current of electrons 
excited into the conduction band by this field-enhanced thermionic emission, or 
Poole-Frenkel emission27, can be induced at medium-to-high electric fields; this 
current is proportional to Vexp{-e [Et-(eV/W 8K£QE)y2]/kBT }, where e is the charge of an 
electron, W B is the thickness of the specimen, e0 is the permittivity of free space, and 
e is the dielectric constant of the semiconductor.
n t/N t = {1 + (Yofy) exp [(Et - E F)lkBT\) (2-12)
en/Cn = (Yofy) eXP K®t - E J / k BT\. (2-13)
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Figure 2.4 Schematic diagrams of the two current-conduction mechanisms in ion- 
implanted semiconductors which involve lowering the barrier created by 
the bending of the conduction-band edge near the defects.
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Poole-Frenkel emission of electrons into the conduction band from the defect 
states is the preponderant current-limiting mechanism in damaged semiconductors 
at high temperatures and high electric fields. A current of electrons excited into the 
conduction band by field-enhanced ionisation28 of the defect states can be induced at 
medium-to-high electric fields; this current is proportional to (V)2 exp/V/V), where 
V0 is a function of the band-gap of the semiconductor, which increases slightly with 
decreasing temperature. Compared to Poole-Frenkel em ission, field-enhanced 
ionisation is relatively independent of temperature because the ionisation process is 
actually the tunnelling of a trapped electron into the conduction band (see figure 
2.4); therefore, at very low temperatures it is the preponderant current-limiting 
mechanism in a damaged semiconductor.
Post-implantation annealing
If the temperature of a sample is increased steadily then the concentration of 
defects w ill decrease; therefore, its  r e s is tiv ity  returns even tu a lly  to the  
pre-implantation value. The annealing of implantation-created damage in GaAs 
involves three distinct stages29: ‘stage 1* occurs between -100  and ~300°C and 
involves the recrysta llisa tion  of the GaAs if  it was am orphised during the  
implantation process; ‘stage 2’, which occurs between -300 and 600°C, involves the 
removal of complex point-defect structures such as divacancies, trivacancies and 
stacking faults; and ‘stage 3’, which occurs between -600 and ~950°C, involves the 
removal of the dislocation loops and remaining point defects.
2.22 - Ion implantation to create chemically-compensated layers
This technique was used during the final stages of this work, and it involves 
the implantation of an element which, when heated to a suitable temperature, 
moves onto a lattice site to create chemical compensation. Usually this technique is 
thermally stable, i.e. the high-resistivity layer created by the implantation process 
is not removed by high-temperature annealing. Suitable elements for the creation of 
chemically-compensated layers of n-type GaAs are Be, C, Mg and Va; however, Be is 
implanted very rarely because the ion sources used are highly toxic. The dose of 
implanted ions necessary to chemically-compensate an n-type layer at a depth X  is 
given by (as stated by Sze30)
<Lm = K2Jt)“ AffipiVD] (2-14)
exp[-{(X-jKp)/(2)06ARp}2]
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where (j)com is specified by the number of ions cm*2, and iVD is the donor density  
(atoms cm'3). R p, the average projected-range of the implanted ions in the solid, is 
the projection of the average ion-range normal to the surface CRn). AR p is  the  
projected straggle of the implanted ions (the distribution of ions about R p). During 
the work described in Parts 2 and 3, R p and AR p were calculated using TRIM.
2.3 - The ranges of ions in gallium arsenide
R p in equation (2-14) can be estimated using the equation
E
R p = (1/AO ( d E /S  (2-15)
' o
where £  is the nuclear cross-section given by equation (2-3).
Figure 2.5a depicts the ion-energy dependence of the range in GaAs of 
protons, He+, Be+, B+, C* and Mg+ ions; and figure 2.5b depicts the impurity 
distribution in GaAs after implantations of equal doses of four different ions. Note 
that with increasing range the number of near-surface impurities becomes less; this 
was an important consideration during the work described in subsequent chapters.
2.31 - Channelling
TRIM can calculate the average range of a heavy ion implanted into a crystal 
to an accuracy within ±5 % . Measurements of the damage distribution created by 
lighter ions, e.g. 300keV protons31, indicate that TRIM is between only 10 and 15% 
accurate for these ions. The larger inaccuracy which results when modelling the 
transport of light ions through a crystalline solid is caused by disregarding the 
occurrence of ion channelling12’32,33. Channelling occurs when ions are scattered into 
low-index crystallographic directions, along which they can travel to large depths 
without interacting with any target nucleii. To decrease the amount of channelling, 
the ions can easily be implanted at 7° to the normal of the GaAs surface12: GaAs 
wafers are grown in the [001] direction, and, for the purposes of ion implantation, 
GaAs is effectively amorphous at 7° from this direction.
2.4 - Ion implantation of aluminium gallium arsenide
The chapter so far has been primarily a description of ion implantation of
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Depth (pm)
Figure 2.5 a) The TRIM-calculated theoretical ranges of protons, He+, Be4, B4, C4 and 
Mg4 ions im planted into GaAs; and b) the TRIM-calculated impurity 
distribution in GaAs after the same dose of 30keV protons, 300keV  
protons, 1.3MeV C4 ions and 2MeV C4 ions.
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GaAs, but all the principles described above are applicable equally to both n and 
p-type AlxGal xAs. If AlxGalxAs is implanted with ions then the usual defect states in 
the band-gap are observed, and the temperature stability of the post-implantation 
resistivity is almost identical to that of GaAs. Also, TRIM calculations indicate that 
for a specific implantation process the distribution of damage in AlxGal xAs is similar 
to that in GaAs - the only differences are that the overall amount of damage created 
is less in AlxGalxAs because its lattice binding energy is higher, and R n is slightly 
greater in AlxGalxAs because of its lower crystal density (which decreases with x).
2.5 - Ion implantation of aluminium gallium arsenide/gallium 
arsenide heterostructures
There have been many investigations of the post-im plantation optical 
characteristics of AlxGalxAs/GaAs heterostructures34'38, but, to the knowledge of the 
author, very few investigations of the associated electrical characteristics39. Most of 
these investigations were carried out to quantify and qualify the post-implantation 
enhancem ent of the anneal-induced interd iffusion of Al and Ga across the  
AlxGalxAj3-GaAs interfaces within large superlattices.
2.51 - Damage distribution within superlattices
In ion-implanted AlxGaj xAs/GaAs superlattices the GaAs layers are damaged 
more greatly because the lattice bond-strength increases greatly with x, and the 
small mismatch between the AlxGa1 xAs and GaAs lattices creates a small tensile 
strain in the GaAs. Interstitial loops, therefore, nucleate preponderantly in the 
GaAs layers of an ion-implanted AlxGa1_xAs/GaAs superlattice34"35.
2.52 - Implantation-enhanced interdiffusion across interfaces
Even at temperatures higher than 800°C very little interdiffusion between Al 
and Ga atom s occurs across a w ell-defined interface. Many groups34 38 have  
discovered that after damaging the interface (using ion implantation) the amount of 
interdiffusion occurring during annealing at similar temperatures is several orders 
of m agnitude greater; th is is believed to be caused by the recom bination of 
interstitial Al and Ga atoms with the implantation-created vacancies. Implantation- 
enhanced interdiffusion increases with damage, which, in turn, increases with both 
the ion dose and the ion mass. In other words, the interdiffusion increases with the
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average distance between a vacancy and its associated interstitial atom.
2.6 - The ion accelerators used during this research
Three of the ion accelerators at the University of Surrey were used during the 
author’s research, and each one is described below. The two highest-energy ion 
accelerators are capable of im planting a large variety of elem ents, and have 
excellent mass resolution and ion-beam purity; these are a result of the technical 
expertise at the EPSRC Central Facility for Ion-beam Technology40 based within the 
Department of Electronic and Electrical Engineering at the University of Surrey. 
This facility was commissioned in 1978, and for most of the years since it has been 
managed and directed by B.J. Sealy an(i k .G. Stephens.
2.61 - The 400kV accelerator
This ion accelerator can produce a very-high ion-beam current (800pA is a 
typical current when implanting Ar+ ions); therefore, it is used primarily for the 
high-dose implantations of Co+ and Fe+ ions into Si to synthesise the associated 
silicide layers (an important part of the research41 carried out by the Department of 
Electronic and Electrical Engineering at the University of Surrey). The 400kV  
accelerator, otherwise known as the Surrey high-energy ion-beam accelerator 
(SHEBA), is more than twenty years old and is planned to be replaced soon even 
though most of its original components have been either replaced or maintained 
well. It was used during some of the work described in Chapters 3, 5 and 6, all of 
which involved low-dose implantations of protons. Protons are easy to separate from 
other ions when monitoring the beam with the (low-quality) mass spectrometer 
incorporated into the 400kV accelerator; therefore, its poor mass resolution was not 
a problem. S. Hutchinson was its operator (with assistance from the author).
2.62 - The 500kV accelerator
The 500kV accelerator is capable of implanting ions having an energy as low 
as 25kV in an ion-beam current of up to I O O jliA .  Its low-energy capability was 
utilised during the short project involving implant isolation of 8-doped materials, 
which is briefly described above and in the first publication listed on pagejii. The 
500kV accelerator was also used for some of the work described in Chapters 3 and 6 
(R.M. Gwilliam was its operator).
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2.63 - The 2MV accelerator
The newest of the three ion accelerators (it was installed, in 1991), the 2MV 
accelerator42 was built originally as the prototype for a new design, but Surrey’s 
remains the only one of its type in the world; hence its relatively-low reliability and 
serviceability (but these are improving quickly with the knowledge and experience 
of its technicians). Ion-beam currents of 50|±A have been attained when using the 
2MV accelerator, which was used during all the work described in Chapter 4 and 
some of the work described in Chapters 5 and 6 (R.J. Wilson was its operator).
2.7 - Summary
The relevant physics of the im plantation processes described within the 
subsequent chapters has been summarised. The two complementary implant- 
isolation techniques which can create resistive layers within III-V semiconductors 
have been described, together with descriptions of their appropriate uses. The 
resu lts obtained during the first ten months of the author’s research, where 
variations of the ion-beam current were used to change the damage in a simple 
implant-isolated GaAs multilayer structure, were shown and described briefly. Also 
described were the annealing characteristics of ion-implanted III-V semiconductors, 
which involve the repairing of different types of defects during different stages. A 
brief summary of the investigations of ion-im planted A^Gaj xAs/GaAs hetero­
structures reported to date was given. The three ion accelerators used during the 
work described in the subsequent chapters were described briefly.
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Io n  im p l a n t a t io n  f o r  t h e  t h r e e - 
d im e n s io n a l  INTEGRATION OF SINGLE- AND 
DOUBLE-BARRIER DIODES: DAMAGE CREATION
3.1 - Introduction
As described in sections 1 .2  and 1.3, by integrating DBDs with microwave- 
detector diodes, a low-surface-area high-performance integrated circuit could mix 
microwaves. This chapter describes the initial attempts at attaining one of the 
primary objectives of this research, namely the development of an implant isolation 
process where near-surface DBDs are implanted with ions to create a resistive layer 
beneath them (as part of a potential device integration technology where the wafer 
would be ion-implanted in selected areas only). A successful development of this 
process would allow the 3D integration of DBDs with other devices (see figure 3.1). 
Figure 3.2 depicts the layer structure with which the vertical integration of DBDs 
and microwave-detector diodes could be attained, and the implantation-created 
damage distribution necessary to create a resistive layer between the two types of 
diode. The theoretical damage distribution depicted in figure 3.2 is that created in 
GaAs by an implantation of 300keV protons: note the large difference between the 
amount of damage creation near the surface to that at much greater depths (see 
sub-section 2.2i). The objective of this work was to create a resistive layer at ~2.0jam 
by im planting protons through the double-barrier structure without causing  
irreparable damage to it. Experimentally this damage would be less, particularly 
near the surface, because of intrinsic annealing, which can be increased by carrying 
out the implantation process at 150°C or above.
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Semi-insulating GaAs substrate
Figure 3.1 A schematic of the mesa structure of a DBD integrated with an ASPAT 
diode at a greater depth. The required depth of the high-resistivity layer is 
depicted. To attain the 3D integration of diodes in the two levels of 
devices, the high-resistivity layer should be created between the two levels 
of devices only in selected areas of the wafer.
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Figure 3.2 A schematic of the layer structure with which the 3D integration of DBDs 
and microwave-detector diodes could be attained, depicted together with 
the theoretical distribution of damage in GaAs created by an implantation 
of 300keV protons.
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3 . 2  - Experimental procedure
The work described here was carried out using two samples1, grown by MBE, 
with obvious NDR at 295K. During the growth of the samples they were held firm 
inside the MBE chamber by coating the back of the substrate with indium, which 
m elts at a temperature suitable for using it as an adhesive. Conveniently, the 
indium diffuses into the substrate; thus creating a ‘ready-made’ ohmic contact. 
Figure 3.3 depicts the layer structures of both samples.
3.21 - As-grown sample uniformity
Figure 3.4 depicts the forward-bias I(V) characteristics of eight as-grown 
specimens of a typical DBD wafer grown at the University of Nottingham for this 
work. Each specimen was located at a different distance from the centre of the 
wafer: the first and eighth specimens being 10mm and 22mm from the centre 
respectively. 7p increased with distance from the centre, but neither Vp nor the 
PVCR changed much. These results represent the excellent wafer uniformity2,3 of all 
the DBD samples grown at the University of Nottingham for this work.
3.22 - Photolithography and etching: sample NU1222
Conventional cleaning, wet-chemical etching and photolithography4 were 
used to prepare the specimens of sample NU1222, most of which had an area of 
approximately 0.5cm2 (after cleaving with a diamond scribe). Before etching mesas 
the specim ens were washed in boiling m ethanol, boiling acetone and boiling  
isopropylalcohol in pyrex beakers on a hotplate - each wash took ten minutes. 
Immediately after being taken from the isopropylalcohol the specimens were rinsed 
in de-ionised water, and then blow-dried by a jet of N2 gas. Each specimen was then 
mounted onto a glass cover slip (using baked photoresist as an adhesive) because 
the indium-coated back-surfaee was not smooth enough for the creation of a vacuum 
when spin-coating the photoresist onto its top-surface, and when aligning the 
specimen for photolithography.
Before the photolithography, the specimens were placed on the hotplate, 
w h ich  w as at a co n sta n t 100°C, to evaporate surface m oisture. The first  
photolithographic step involved spin-coating at 6000rpm a 0.5|im-thick layer of 
AZ1505 photoresist, which was then soft-baked at 100°C for forty seconds. After the 
unmasked areas of photoresist were exposed to UV radiation for three seconds, the 
photoresist was developed in a 4:1 mixture of de-ionised water and AZ400
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5.1nm GaAs
5.7nm AlGaAs (x= 0.40)
5.1nm GaAs
50nm GaAs 2E16 n doped
50nm GaAs 2E17 n doped
2pm GaAs 2E18 n+doped
n+ GaAs substrate
NU1222
0.5pm GaAs 2E18n+doped
50nm GaAs
2.5nm GaAs
5,5nm AlGaAs (x= 0.40)
5.0nm GaAs
5.5nm AlGaAs (x= 0.40)
2.5nm GaAs
50nm GaAs
3|im GaAs 2E18 n+doped
n+ GaAs substrate
2E16 n doped 
5E14 n doped
5E14 n doped 
2E16 n doped
NU168
Figure 3.3 The as-grown layer structures of the two samples Investigated.
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Bias voltage (V)
Figure 3.4 The probed forward-bias l(V) characteristics of a typical Nottingham-grown
DBD wafer at different radii.
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photoresist-developer; th is  took approxim ately  one m inu te, after w hich the  
specimens were rinsed in de-ionised water and blow-dried by the jet of N2 gas. The 
photoresist was then hard-baked at 100°C for thirty minutes.
Most of the individual devices of NU1222, which had lateral dimensions 
between 50 and 140pm, were etched to a depth of 0.65pm in a 1:8:40 solution of 
H2S 0 4:H20 2:H20  for 70 seconds (the depth of the m esas was m easured using a 
talystep5); this solution was prepared usually by adding 5cm3 of 99% H2S 0 4 to 
200cm3 of de-ionised water, a mixing process which cause an effervescent reaction to 
occur. The H2S 0 4:H20  so lu tion  w as le ft for one hour to cool down to room  
temperature before 40cm3 of 30% H20 2 was added. The etching process was then 
carried out immediately. After removing the photoresist in acetone (and removing 
the specimens from the cover slips), the specimens were washed as described above, 
and remounted on cover slips. For ten minutes the specimens were then placed on 
the hotplate, which was at a constant 100°C, to evaporate surface moisture before 
the second photolithography step was carried out.
The second photolithography step involved spin-coating at 6000rpm a 
3pm-thick layer of AZ4330 photoresist, which was then soft-baked at 100°C for forty 
seconds. After the unmasked areas of photoresist were exposed to UV radiation for 
three seconds, the photoresist was developed in a 3:1 mixture of de-ionised water 
and AZ400K; this took up to three m inutes, after which the specim ens were 
blow-dried by the jet of N2 gas before the photoresist was hard-baked at 100°C for 
thirty minutes. Then the specimens, which were still mounted on cover slips, were 
mounted onto glass slides (using melted wax as an adhesive). Before ohmic contacts 
were evaporated5 onto the specimens, for thirty seconds they were dipped into a 1:10 
mixture of NHaOH:H20  to remove any oxide layer. Then the samples were rinsed in 
de-ionised water, b low -d ried  in  th e  je t  of N2 gas, and m ounted inside the  
multi-crucible evaporator for ohmic-contact deposition. From the layer nearest the 
GaAs to the top, the ohmic contacts consisted of lOnm of Ge, 40nm of Au, lOnm of 
Ni and 140nm of Au.
3.23 - Photolithography and etching: sample NU168
The individual devices of sample NU168, which had diameters between 20 
and 200pm, were prepared elsewhere6, but using a sim ilar technique: the DBD 
specimens, each having an area of approximately 0.5cm2, were etched to ~ 1.5pm 
using a 1:1:1 solution of HBr:CH3C00H:K2Cr20 7. Ohmic contacts consisting of
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0.22fxm of AulnGe were then evaporated onto them.
3.24 - ‘Lift-off and alloying of ohmic contacts
On both samples the two sets of ohmic contacts were on the top surface of the 
specimens (the indium layer on the back surface of the substrate was used as a back 
contact only when measuring the sheet resistivity of the material below the mesas). 
By evaporating both sets of ohmic contacts onto the top surface of the specimens, 
and etching the mesas to depths within 2pm, none of the bias voltage during 7(V) 
measurements will have been applied across the buried resistive layer, and the 
resulting 7(V) characteristics will be those of the ion-implanted DBD only. After 
‘lifting off the photoresist in boiling acetone, each specimen was blow-dried by a jet 
of N2 gas before being subjected to a 400°C/10s contact-alloying process inside an 
optical furnace7 (with which one could control both the ramping time and the peak 
temperature). To minimise surface oxidation during the contact-alloying process, N2 
gas was passed through the specimen chamber of the optical furnace; this was 
started five minutes before the furnace was switched on.
3.25 - /(V) measurements
For preliminary 295K measurements the samples were probed, and the 7(V) 
characteristics were displayed on a T e le q u ip m e n t  curve tracer. Using a K u lic k e  &  
S offa  4124 ultrasonic bonder with 1/1000 inch Au wire, and the specimen holder at a 
constant 130°C, some 0.1cm2 specimens were wire-bonded to eighteen-pin chip 
carriers for low-temperature 7(V) measurements. Using a variable 5V power supply, 
a basic K e ith le y  ammeter and the equivalent voltmeter, the 7( V) data of each sample 
before proton implantation were obtained both at 295K and 77K. For convenience, 
during the later stages of this work, this simple 7(V) measurement system was 
su b stitu ted  for a H e w l e t t  P a c k a r d  4156A Precision Semiconductor Parameter 
Analyser; most of the subsequent 7(V) measurements were carried out using this.
Figure 3.5 depicts a schematic layout of the two 7(V) data-acquisition systems, 
both of which involved pseudo-four-terminal measurements. These type of measure­
ments involve measuring the voltage across two connections in parallel to the 
device, the two connections being as close to the device as possible; therefore, the 
series resistance of the cables along which the measured current flows is effectively 
negated. The 7(V) m easurem ents made prior to obtaining the ’4156A were not 
repeated because the simple 7(V) measurement system was at least as accurate: the
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Gold probes/sample holder to make a connection to 
the ohmic contacts/chip carrier.
‘Force’ wires for applying the bias.
‘Sense’ wires for measuring the voltage 
between the two contacts on the device: 
the ’4156A adjusts the bias until the 
measured voltage equals the intended bias.
Gold probes/sample holder to make a connection to the ohmic contacts/chip carrier.
Figure 3.5 Schematic wiring diagrams of the two /(V) measurement systems.
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295K 7(V) characteristics of NU1222 obtained using the two measurement systems 
are depicted in figure 3.6. NU1222 was the most difficult sample to investigate 
because at a specific bias it had the lowest resistance relative to that of the complete 
circuit, but the two sets of data depicted in figure 3.6 are practically identical.
Apart from convenience, the other obvious advantage when using the ’4156A 
was that a maximum of 1000 data-points per measurement could be obtained in 
only a few seconds: when using the simple 7(V) measurement system, approximately 
fifty data points could be obtained within ten minutes.
The probed 7(V) characteristics are depicted in the relevant graphs in section 
3.3, and figure 3.7 depicts the 5K, 77K and 295K7(V) characteristics of the 
wire-bonded specimens.
3.26 - Proton implantation
After the 7(V) measurements, some of the processed specimens were subjected 
to a room-temperature implantation of protons from the 400kV accelerator. To 
compensate for the presence of the 0.2jim-thick metal layers, which do not suffer 
persistent implantation-created damage, 325keV protons were used instead of 
300keV protons. The proton-doses varied from IxlO13 cm*2 to 2 x l0 14 cm*2, most of 
which were expected to be too low to create an adequate post-anneal buried resistive 
layer beneath the ion-implanted DBDs: these specimens were used during the 
preliminary investigations of the 7(V) characteristics before and after annealing, the 
resu lts of which w ill be described below (Chapter 5 describes more detailed  
investigations of the electronic transport through these and other ion-implanted 
DBDs). The implantation of protons was carried out after the processing of the 
specimens because a post-implantation contact-alloying process will have annealed 
a large amount of the damage; thus preventing any pre-anneal investigations of the 
7(V) characteristics. An ion-beam current of ~0.2gA was used, which should not have 
heated the specimens during the implantation process (any heating could have 
reduced the amount of damage created).
Using an ion-beam current of ~1|±A from the 500kV accelerator, 3x l014, 5x l014 
and 8 x l0 14 300keV protons cm*2 were im planted into unprocessed specimens of 
NU 1222. To m inim ise the accum ulation of near-surface damage during the 
implantation of protons into these specimens, they were heated to 150°C whilst fixed 
to the accelerator specimen-holder. The procedure used to prepare these specimens 
for 7(V) measurements was identical to that described above; however, to investigate
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Bias voltage (V)
Figure 3.6 The probed l(V) characteristics of NU1222 measured with the
simple l(V) m easurem ent system and the Hewlett Packard 4156A 
Precision Semiconductor Parameter Analyser.
Chapter 3 Io n  im p l a n t a t io n  f o r  t h e  t h r e e -d im e n s io n a l  in t e g r a t io n  o f  d a m a g e  c r e a t io n 53
Bias voltage (V)
Figure 3.7 The /(V) characteristics of the two samples. The PVCR of each data set is 
shown in brackets. The asterisks mark the occurence of 3D-2D resonant 
tunnelling of ballistic electrons.
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the effectiveness of the proton implantation in creating a resistive layer in series 
with the double-barrier structure, some mesas were etched to 3.2pm (which took 330 
seconds). The implantation-created damage at 2.0pm was not affected much by the 
contact-alloying process: after the alloying the sheet resistivity of the damaged 
material was still ~107Q square'1, which was the order-of-magnitude expected8'12.
The ion beam of all the implantation processes was at 7° from the normal to 
the surface of the specimens (see sub-section 2.3i).
3.3 - Results and discussion
Considering the material implanted w ith the doses of IxlO 13 and 2 x l0 13 
protons cm-2, although there was both an obvious and an expected degradation of the 
DC performance caused by the implantation of protons, figure 3.8 indicates that 
during room temperature 7(V) measurements there was some occurrence of resonant 
tunnelling, the current density and abruptness of which decreased with increasing 
dose. The low currents and low-quality resonance characteristics depicted in figure
3.8 are caused primarily by the decrease of n  in the contact layers, particularly the 
n-doped spacer layers. The degradation of the 7(V) characteristics caused by ion 
implantation will be described in detail in Chapter 5.
3.31 - The anneal-induced recovery of the as-grown l(V) characteristics
The low-quality DC performance of the material is not representative of poor 
structural integrity of the Al04Ga06As barriers; these, it seems, were damaged very 
lightly by the implantation process. As figure 3.9 depicts, annealing the material 
implanted with these relatively-small dose of protons, at temperatures between 300 
and 600°C for thirty seconds in steps of 100°C, resulted in an almost-complete 
recovery of the as-grown 7(V) characteristics. The optical furnace used was the same 
as that described in sub-section 3.24, which made possible the use of a constant 
ramping-time for all programmed peak temperatures (the ramping time was always 
~20s). At the temperatures used for the annealing processes there would be a) very 
little evaporation of either Ga or As from the surface of the specimens13, and b) no 
measurable interdiffusion of Al and Ga within the ion-implanted double-barrier 
structure - the annealing processes would have done nothing more than repair the 
implantation-created defects, and, hence, increase n  in the contact layers by freeing 
the trapped electrons.
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Bias voltage (V)
Figure 3.8 The probed 295K reverse-bias l(V) characteristics of NU168 after doses of 
1x1013 and 2x1013 325keV protons cm 2.
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Figure 3.9 The probed 295K  l(V) characteristics of NU1222 (forward bias) and 
NU168 (reverse bias) after a dose of 1x1013 325keV protons cnr2, and 
subsequent annealing for thirty seconds at the temperatures shown. The 
as-grown PVCRs are 2.2:1 and 2.6:1 for NU1222 and NU168 respectively, 
and 2.0:1 and 2.5:1 in the bottom-right graph.
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It m ust be m entioned th a t 1) the recovery of the as-grown electrical 
characteristics of an ion-implanted semiconductor device having quantum length- 
scale layers had not been observed before this work was carried out, and 2) the 
ability of fully-fabricated mesas to withstand an anneal at 600°C had never been 
demonstrated before (recent work at the Massachusetts Institute of Technology14 
demonstrated that fully-fabricated commercial GaAs VLSI circuitry can withstand 
extended durations at 500°C).
3.32 - lon-dose dependent recovery of the as-grown /(V) characteristics
The almost-complete recovery of the as-grown 295K /(V) characteristics of the 
material implanted with higher doses of protons was attained after carrying out the 
same annealing process - figure 3.10a depicts the results of this when investigating 
NU1222. These results prove that there is a small decrease of both the recovered 
PVCR and the recovered peak current-density (/pd) with an increase of proton-dose; 
this indicates that the effectiveness of rapid thermal-annealing decreases with  
ion-dose (which was expected). The effectiveness of rapid thermal-annealing at 
temperatures below 600°C w as observed to decrease w ith  proton dose: the 
post-500°C/30s anneal J(V) characteristics of the specimens implanted with the dose 
of 2 x l0 14 325keV protons cnr2 were similar to the pre-anneal characteristics after 
the dose of 2x l013 cm'2.
Figure 3.10b depicts both the 295K and 77K forward-bias I(V) characteristics 
of NU1222 after a dose of 2x l013 325keV protons cm'2, and annealing at 550°C for ten 
seconds (the equivalent reverse-bias I(V )  characteristics were sim ilar). The 
forward-bias 77K PVCR of this specimen was 8.2:1, which is approximately half the 
as-grown 77K PVCR. The equivalent /(V) characteristics of NU168, which were very 
different, will be described in Chapter 5.
3.33 - Enhancing the recovery of the as-grown /(V) characteristics
Figure 3.11a depicts the 295K /(V) characteristics of N U1222 after the 
higher-dose implantations of protons (carried out at 150°C), and annealing at 600°C 
for thirty seconds. Compared with the results depicted in figure 3.10a the recovery 
of the I(V)  characteristics was improved, even though higher doses of protons were 
implanted. The improved recovery of the post-implantation /(V) characteristics is 
attributed primarily to carrying out the proton implantation at 150°C (as mentioned 
earlier, this should have minimised the accumulation of near-surface damage), but
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Bias voltage (V)
Figure 3.10 The post-anneal l(V) characteristics of NU1222 implanted with proton 
doses between 2x1013 crrr2 and 2x1014 cm 2.
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Bias voltage (V)
Figure 3.11 The post-anneal l(V) characteristics of NU1222 implanted with proton 
doses between 3x1014 crrr2 and 8x1014 cm 2.
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the use of a larger ion-beam current during the high-temperature implantation 
processes may also have enhanced the amount of intrinsic annealing. In fact, the 
post-anneal 7pd through the specimen implanted with the dose of 3 x l0 14 300keV 
protons cm'2 was slightly higher than the as-grown 7pd: the resistance of the ohmic 
contacts will have been reduced after the 600°C/30s anneal because the number of 
active Ge atoms13 diffused into the emitter w ill have been increased. The data 
depicted in figure 3.11a also indicate that the recovery of the as-grown 7(V) 
characteristics is dependent on the dose of implanted protons, which is consistent 
with the results depicted in figure 3.10a. Figure 3.11b depicts the 295K and 77K 
7(V) characteristics after the dose of 3x l014 300keV protons cm*2 (the forward-bias 
PVCR was 2.1 and 13.2 at 295K and 77K respectively).
3.34 - The effectiveness of the implantation-and-anneal processes
When investigating the material implanted with the dose of 5x l014 cm'2 and 
annealed at 600°C for thirty seconds, there was no NDR observed during the 7(V) 
m easurem ents of the specim ens etched to a depth of 3.2pm; these data are 
consistent with there being a resistive layer in series with the DBD. At Vp of the 
DBD etched to 0.65pm (0.55V), the average resistivity of the material below the first 
0.65pm was calculated to be approximately four times greater. Assuming that the 
depth dependence of the resistivity is similar to that of the implantation-created 
damage, most of the added resistivity will be between the depths of 2.0 and 2.6pm. 
At 0.55V, therefore, the resistivity between those depths is estimated to^between ten 
and fifteen times greater than that within the first 0.65pm (which is primarily the 
resistivity of the double-barrier structure). For the purposes of electrically-isolating 
the DBD from a device beneath it, this is inadequate.
Improving the effectiveness
The difference between the post-anneal resistivity at ~2pm and that near the 
surface of material implanted (at room temperature) with larger doses of 300keV 
protons (lxlO15 and 5xl015 cm'2) or heavier ions (750keV He+ and 2MeV B+ ions - see 
the subsequent chapters) was no larger than that described above, even after using 
a higher-temperature stage 2 anneal together with a much shorter anneal duration 
(e.g.700°C/ls). More advanced post-implantation anneal processes, such as laser 
thermal-annealing15, electron-beam therm al-annealing15, and low-tem perature  
minority-carrier injection1618, may be the only techniques which could anneal the
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near-surface material without annealing the buried resistive layer.
By using the minority-carrier injection process1618 ju st m entioned, the  
damage within an ion-implanted DBD could be annealed without annealing the 
material beneath it. The technique, usually  carried out at 200°C, involves the 
injection of a large current of holes into the (illuminated) specimen, and then the 
subsequent recombination of each hole with an electron trapped within a defect; 
therefore, some p-type doping of the DBD wafer during growth would be necessary. 
The phonon released during a recombination process expedites the annealing of the 
defect from which it originated; thus enhancing the annealing process only in a 
highly localised volume of the damaged semiconductor.
At 250°C the stability of the damage created within the specimens of NU1222 
implanted with a dose of 8x l014 300keV protons cm'2 was investigated - a specimen 
was annealed at 250°C for one hour, and the pre- and post-anneal resistivity of this 
material were compared: they were calculated to be ~4xl06£2 square1 and ~6xl06£2 
square'1 respectively; this is consistent with the results reported by Pearton9, and 
indicate that post-im plantation anneal processes can decrease the amount of 
hopping conduction between defect states within the band-gap. If an ion-implanted 
DBD was subjected to the low-temperature annealing process described above, the 
damage w ithin the diode m esa could be annealed w hilst increasing the high- 
resistiv ity  of the m aterial at greater depths. No low-tem perature annealing  
processes were attempted by the author. Instead, ion implantation (and annealing) 
to create a chemically-compensated layer beneath the DBDs was carried out; this is 
described in the next chapter.
3.35 - The post-anneal uniformity of ion-implanted specimens
Figure 3.12 depicts the probed 295K forward-bias /(V) characteristics of five 
identical specimens of NU168 (situated within 10mm of each other) which, after 
ohmic-contact deposition and alloying, were subjected to the dose of 4 x l0 13325keV 
protons cm 2, and a 550°C anneal for ten  seconds: n o te  th a t  a ll f iv e /(V )  
characteristics are almost identical; this is typical of all the implanted-and-annealed 
specimens of either sample investigated, and indicates that no non-uniformity is 
created by any of the implantation-and-anneal processes.
3.36 - The post-anneal quality of the ohmic contacts
The 600°C anneals used during all the above-mentioned work did not destroy
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Bias voltage (V)
Figure 3.12 The probed 295K  forward-bias l{V) characteristics of five identical 
specimens of NU168 after an implantation of 4x1013325keV protons crrr2, 
and a 500°C anneal for ten seconds. Note that the implantation process 
was carried out after ohmic-contact metallisation.
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the ohmic contacts or cause any diffusion of donors through the double-barrier 
structure. Both before and after any annealing the specific contact-resistivity was 
usually ~10'6Q cm'2, which is the order-of-magnitude expected when using AuGe- 
based metal contacts on n-type GaAs (the contact resistivities were measured using 
the standard transmission-line technique19). After annealing at temperatures above 
520°C, the surface of the AuGeNi contacts became visibly rougher. The roughness of 
the surface was believed to be caused by the AuGeNi alloy agglomerating13 during 
the 600°C anneals. Consequently, wire-bonding to these AuGeNi contacts was very 
difficult. Much less agglomeration of the AulnGe contacts occurred during 600°C 
anneals, and subsequent wire-bonding to them was easy.
3.4 - Conclusions
The implantation of relatively-low doses of protons through DBDs destroys 
the 7(V) characteristics of the diodes, but these can be recovered almost completely 
by annealing at and above 600°C. The double-barrier structures were damaged very 
lightly during the low-dose implantation processes used, but many of the Si donors 
had been effectively deactivated. This work is believed to be the first to observe the 
anneal-induced recovery of an ion-implanted electronic device containing quantum 
length-scale layers. The anneal-induced recovery of the as-grown 7(V) characteristics 
of proton-implanted DBDs was improved by heating the diodes to 150°C during the 
implantation process. Indeed, the post-anneal 7pd through the specimen implanted 
with a dose of 3x l014 300keV protons cm'2 was slightly higher than the as-grown 7pd. 
The creation of a resistive layer beneath the DBDs was observed, but was proved to 
be inadequate for the purposes of electrically-isolating the diode from another device 
beneath it. No non-uniformity across a specimen was created by the implantation- 
and-anneal processes. The implantation-created damage was proved to be stable at 
250°C; this makes possible the effective use of a low-temperature annealing 
process which repairs the near-surface damage but does not repair the heavier 
damage at greater depths.
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Io n  im p l a n t a t io n  f o r  t h e  t h r e e -d im e n s io n a l  
INTEGRATION OF SINGLE- AND DOUBLE-BARRIER 
DIODES: CHEMICAL COMPENSATION
4 . 1  - Introduction
This chapter describes the second set of attempts at creating an electrically- 
insulating layer ~2|±m below a near-surface double-barrier structure. Implantations 
of either C+ ions or Mg++ ions to create a chemically-compensated resistive layer 
were carried out. The work described in this chapter was somewhat more tentative 
that described in Chapter 3: the double-barrier structures were damaged much 
more heavily during these more-powerful implantation processes and during the 
subsequent annealing to electrically activate the C and Mg atoms. The results 
obtained during investigations of Mg*-implanted AlGaAs/GaAs superlattices1, 
however, proved that little interdiffusion of Al and Ga across the heterojunctions 
occurs during both the im plantation process and the subsequent annealing; 
therefore, it was hoped that the implanted-and-annealed DBDs would have similar 
I(V) characteristics to the as-grown characteristics (assuming that the density of 
acceptors w ith in  the double-barrier structure w as too low to change the  
characteristics). The results obtained during investigations of the ease with which 
implanted Mg atoms in GaAs could be electrically activated2’3 proved that there was 
some justification for believing that the resistivity of the chemically-compensated 
layers beneath the DBD would be much more resistive than the damaged layers 
described in Chapter 3.
During all the implantation processes most of the specimens were at a high
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temperature to minimise near-surface damage, and the ion beam was at 7° from the 
normal to the surface of the specimens (see sub-section 2.3i).
4.11 - The DBD samples used
NU1222 and three other structurally-related samples were investigated; 
these three other samples4 were called NU1331, NU1332 and NU1333. Figures 4.1 
and 4.2 depict their as-grown layer structures and 7(V) characteristics: note that the 
layer structure of both N U 1332 and N U 1333 were very asym m etric (the  
configuration of a QWITT diode), whereas NU1331 had a symmetric layer structure 
(both spacer layers were very thick). The differences between the I(V )  characteristics 
of the four samples are explained in the Appendix.
4.2 - Carbon implantation
To reach a depth of ~2pm within GaAs, C+ ions have to be accelerated to 
2MeV (see figure 4.3a); this was the energy used, which m eant that the 2MV 
accelerator had to be used at its limit. The lowest possible dose of 2MeV C+ ions was 
implanted, i.e. it was assumed that the anneal-induced activation of the implanted 
C atoms would be 100%; th is was an unreasonable assum ption5,6, but i f  the  
double-barrier structure withstood this implantation-and-anneal process then  
higher doses would be implanted subsequently.
4.21 - Theoretical procedure
Equation (2-14) was used to calculate the dose of 2MeV C+ ions necessary to 
ehemically-compensate 2x l018 Si atoms cm'3. TRIM calculated that R p of 2MeV C+ 
ions in GaAs is 2.1pm, and that AR p is 0.32pm. A dose of 1.6xl014 2MeV C+ ions cm 2 
was calculated to be necessary. To create a thicker layer of chemically-compensated 
GaAs (assuming 100% activation of the C atoms), and possibly a p-type layer at 
~2.1pm, a dose of 2.2 x l0 14ions cm'2 was implanted (see figure 4.3a). At least part of 
any thin p-type layer created beneath the DBDs would be depleted of holes because 
of the presence of the two p-n junctions.
4.22 - 2MeV G+ implantation
Using a O.lpA ion-beam current generated by the 2MeV accelerator, the dose 
of 2MeV C+ions calculated above was implanted into three different 0.5cm2
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Undoped
0.4pm GaAs 2E18 n+ doped
50nm GaAs 2E17 n doped
50nm GaAs 2E16 n doped
Xnm GaAs
5.7nm AlGaAs (x= 0.40)
5.1 nm GaAs
5.7nm AlGaAs (x= 0.40)
120nm GaAs
50nm GaAs 2E16 n doped
50nm GaAs 2E17 n doped
2pm GaAs 2E18 n+doped
n+ GaAs substrate
NU1331 X = 1 0 0  
NU1332 X =  10 
NU1333 X = 20
)   1--------------- 1--------------- 1--------------- 1---------------1_________ I---------W -____________________________ I______ ___L_________I_________ l I i
-3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2
Bias voltage (V)
Figure 4.1 The as-grown layer structure of three of the samples investigated, and the 
as-grown l(V) characteristics of NU1331. The numbers in brackets are the 
forward- and reverse-bias PVCRs.
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Bias voltage (V)
Figure 4.2 The as-grown /(V) characteristics of both NU1332 and NU1333. The 
numbers in brackets are the forward- and reverse-bias PVCRs.
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Depth (pm)
Bias voltage (V)
Figure 4.3 a) The theoretical distribution of C atoms after an implantation of 2.2x1014 
2M eV C+ ions cm 2, and b) the post-anneal l(V) characteristics of the 
O-implanted specimens of NU1222.
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specim ens of NU1222: one of w hich w as at room tem perature during the  
implantation process, the second heated to 150°C and the other to 285°C.
4.23 - Post-implantation sample preparation
After the implantation processes the specimens were capped with 50nm of 
Si3N4, which was used to prevent the evaporation of either Ga or As from the surface 
of the specimen during the subsequent anneal. During the deposition7 of the Si3N4 
cap the specimens were at a maximum of 300°C for ten minutes. The work of other 
groups5,6 indicated that a 950°C anneal for ten seconds would activate ~20% of the 
implanted C atoms. As will be described in section 4.5, anneals at temperatures 
higher than 800°C degrade the composition of even as-grown AlxGalxAs/GaAs 
heterostructures (this was also mentioned in section 2.5), but the 950°C anneal was 
attempted with the intention of using lower-temperatnre anneals subsequent to 
success of the 950°C anneal.
After the annealing process, the Si3N4 cap was removed in a 48% HF solution 
(this took anything between five and thirty minutes). The sam ples were then  
washed in de-ionised water, and blow-dried in a jet of N2 gas before the first few 
surface layers of GaAs were removed by a fifteen-second bathing in a 1:8:40 solution 
of H2S 0 4:H20 2:H2 (which was prepared as described in sub-section 4.21); this was 
carried out to ensure that the GaAs surface was devoid of residual Si3N4, which 
would prevent the m aking of ohmic contact between the AuGeNi and GaAs. 
Metallised mesas were fabricated on the specimens by using the processes described 
in sub-sections 3.22 and 3.24 (where the top and bottom ohmic contacts were on the 
top-surface and above the resistive layer).
4.24 - Results and discussion
Figure 4.3b depicts typical I(V) characteristics of the fully-processed  
C+-implanted specimens; these results are independent of the specimen temperature 
during the implantation process: the very powerful 950°C post-implantation anneal 
ostensibly negated the importance of heating the specim en holder of the ion 
accelerator during implantation.
Degraded l(V) characteristics
Even after implantation of this lowest-possible dose of 2MeV C+ ions, the 
post-anneal 295K/(V) characteristics of the DBDs were much inferior to the
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as-grown characteristics: the valley-current density (Ivd) w as h igh er  after  
implantation-and-annealing; this was also true at 77Kbut to a lesser extent. During 
the 950°C anneal the double-barrier structure was damaged probably by 1) anneal- 
enhanced interdiffusion of Al and Ga across the Al04Ga06As-GaAs interfaces, and 2) 
diffusion of Si into the double-barrier structure. The presence of a small number of 
C acceptors near the surface should not have resulted in such a large degradation of 
the I(V) characteristics: both the emitter spacer-layer barrier and the confined 
energy-state between the barriers will have been made somewhat higher, thus 
increasing V , but the PVCR should not have been degraded to such an extent8,9.
Compared to the as-grown I(V) characteristics at both 295K and 77K, the 
post-implantation-and-anneal I(V) characteristics at 77Kwere degraded much less 
than those at 295K; this is consistent with the effects caused by ‘freeze-out’ of the 
donors having diffused into the double-barrier structure during annealing.
The effectiveness of the implantation-and-annealing
The post-anneal I(V) characteristics of C+-implanted DBDs having 3.2pm- 
deep m esas were very sim ilar to those depicted in figure 4.3b, i.e. there was 
apparently no resistive layer buried beneath the DBDs; therefore, this implantation- 
and-anneal process was, not surprisingly, completely ineffective in creating a 
resistive layer beneath the diodes. Implanting a higher dose of C+ ions will have 
increased the number of activated C atoms, but there would also have been more 
anneal-induced Al04Ga06As-GaAs interdiffusion and Si diffusion into the double­
barrier structure; therefore, no higher-dose implantations and/or more powerful 
anneals were attempted.
4.3 - Magnesium implantation
During annealing, implanted Mg atoms in GaAs are much easier to activate 
than implanted C atoms5,6: lower temperatures and shorter durations can be used to 
attain a specific electrical activation; therefore, it was decided to attem pt Mg 
implantation whilst hoping that the increase of implantation-created damage would 
be less than the decrease of anneal-induced degradation (there will have been less 
implantation-enhanced Al04Ga06As-GaAs interdiffusion at th e  low er an n ea l 
temperatures used). To reach a depth of ~2.1pm within GaAs, Mg+ ions have to be 
accelerated to 2.6MeV (see figure 4.4), which was beyond the capabilities of the 2MV
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1 0 19
1018
1017
2.5x10 cm’ 
2.8x1O14 cm'2 
3.1x1014cm'2 
3.6x1014 cm’2 
4.2x1014 cm'2 
5.0x1014 cm’2 
Silicon doping
3e+18
Oe+OO
1e+22
Oe+OO
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• —- Mg++ions /
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Depth (pm)
Figure 4.4 The theoretical distribution of Mg atoms in GaAs after each of the doses of 
1.3MV Mg+* ions. Inset b depicts the theoretical amount of damage 
created by the lowest dose of Mg++ ions and 2.2x1014 2MeV C+ ions cm 2.
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accelerator; therefore, 1.3MV Mg++ ions were implanted instead. Both the mass 
resolution and ion-beam purity within the 2MV accelerator were good enough to 
ensure that less than 1% of the implanted ions were 1.3MeV C+ ions, a large amount 
of which will have caused much extra damage within a micron below the surface (as 
indicated by the results depicted in figure 2.5).
4.31 - Theoretical procedure
Equation (2-14) was used to calculate the doses of 1.3MV Mg++ ions necessary 
to chemically-compensate 2x l018Si atoms cm-3. TRIM calculated that AR p of 1.3MV 
Mg++ ions in GaAs is 0.36pm. Assuming 100% electrical activation of the implanted 
atoms, a dose of 1 .8xl014 1.3MV Mg++ ions cm'2 was calculated to be necessary. To 
create a thicker layer of chemically-compensated GaAs (and possibly a thin p-type 
layer also) 2.5 x l0 14Mg++ ions cm'2 were implanted (see inset a  of figure 4.4). Figure 
4.4 depicts the theoretical distribution of Mg atoms in GaAs after implantation of 
each of the six different doses of 1.3MV Mg++ ions. The choice of doses was made 
assuming that the post-anneal electrical activation of Mg atoms would be between 
50% and 100%, the estimation of which was reasonable3.
Figure 4.5 depicts both the theoretical density of displaced Al atoms and the 
Mg density within an Al0 4Ga0 6As single-barrier structure after implantation of the 
highest dose of 1.3MV Mg++ ions (calculated by TRIM); these data indicate that at 
most 5% of the Al atoms in the experimental double-barrier structures would be 
displaced, but that very few would be displaced to a layer either side of the barriers 
(before annealing). The density of active Mg atoms may be enough to change the 
double-barrier structure and possibly the n-doped spacer layers into low-doped 
p-type material, the effect of which would be to increase V . The NDR of the Mg++- 
implanted samples was not expected to be degraded severely by the presence of the 
Mg acceptors8,9, but the remnant damage created by the Mg++ implantation (after 
subsequent annealing) was expected to degrade the 7(V) characteristics somewhat.
Possible amorphisation of GaAs
Assuming that (E d)GaAa= 20eV, iVGaAs= 4 .4x l022 cm'3, and that [(&E/dX)JGaAs 
calculated using TRIM was correct, <j)GaAs of equation (2-6) was calculated and is 
depicted in figure 4.6 as a function of energy of Mg+ ions. (j)GaAs as a function of energy 
of the four other ions used during the work described in Chapters 3 to 6 is depicted 
also. The six doses of Mg++ ions described above, and all the other implantation
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Atomic density of Al in 
AI04Ga06As= 8.8x1021 cm'3
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Figure 4.5 The theoretical distribution of both the Al displacements and the Mg atoms 
in a s ing le  AI04Ga06As layer below a 0.5pm GaAs layer after an 
implantation of 5x10141.3MV Mg++ ions cm 2.
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Figure 4.6 The minimum ion-doses necessary to amorphise GaAs (as a function of 
the energy of five different ions).
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processes described in Parts 2 and 3, should not have amorphised the GaAs.
4.32 - 1.3MV Mg^ implantation
Each of the six doses of 1.3MV Mg++ions described above were implanted into 
many specimens of NU133x. A O.lgA ion-beam current and a specimen temperature 
of 280°C were used during the implantation of all six doses.
4.33 - Post-implantation sample preparation
After Mg++ implantation the quarter-wafers of NU133x were cleaved into 1cm2 
specimens. All these specimens were then capped with 50nm of Si3N4 to prevent the 
evaporation of either Ga or As from their surface during the subsequent anneals. 
The w ork of P a te l and S e a ly 3 indicated that rapid therm al-annealing a t  
temperatures between 700°C and 950°C would activate most of the implanted Mg 
atoms, and prevent considerable Mg diffusion. Very rapid anneals (where t  was less 
than 5s) betw een  700°C an d  8 00°C inclu sive  were carried out. A nneals at 
temperatures greater than 800°C were not carried out because of the desired  
m inim isation of implantation-enhanced interdiffusion of Al and Ga across the 
Al04Ga06As-GaAs-interfaces. After the annealing process the Si3N4 capping layer 
was removed as described in sub-section 4.23. The specimens were then prepared as 
described in sub-sections 3.22 and 3.24 (except that the mesas were etched to a depth 
of 0.8pm, which took 80s).
Mg++ implantation and C(V) profiling of a bulk n-type GaAs sample
Two of the six doses described above (2.8xl014 ions cm'2 and 3.6xl014 ions enr2) 
were each implanted into a quarter-wafer of a bulk-grown Si-doped GaAs sample, 
which is referred to hereafter as RMG1. After the post-im plantation sample 
preparation described above (minus the etching and metallisation of diode mesas), 
each specimen of RMG1 was subjected to electrochemical eapacitance(voltage), 
eC( V), profiling1012 of the net carrier density (AT*) as a function of X .
All C(V) profiling techniques11-14 use a Schottky contact to create a depletion 
layer in the semiconductor. N * (X )  at the edge of the depletion layer is calculated 
using the equation
N * (X )  = C3/[e0eA2e(dC/dV)] where (4-1)
X  = e&qAJC. (4-2)
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The capacitance of a depletion layer in  an  n-type sem iconductor decreases w ith  
negative voltage betw een the  Schottky diode and the  sem iconductor; therefore, 
dC/dV and, hence, N* will be negative. In p-type semiconductors the capacitance of a 
dep le tion  layer decreases w ith  positive  b ias applied  a t  th e  Schottky  contact; 
therefore, dC/dV and, hence, N* will be positive. C and dC/dV are obtained by using 
a voltage modulated by a low frequency (several kHz).
The m axim um  X  a t  w hich m easu rem en ts  can be m ade is lim ited  by th e  
reverse breakdow n voltage of the  Schottky diode; th is  is a problem  particu larly  
w hen th e  sem iconducto r h a s  a highiV*. eC(V) m easurem ents circum vent th is 
problem by using an electrolyte-semiconductor interface to form a Schottky contact 
with the semiconductor. When biased appropriately, i.e. more highly, the electrolyte 
is also used to etch the  sem iconductor surface. Charge is transferred  across the 
semiconductor-electrolyte interface, where, in a system used correctly, the transfer 
of electrons to the  electrolyte from the  conduction band of the  sem iconductor is 
balanced by the transfer of holes from the valence band. The etching (dissolution) 
reaction when investigating GaAs is11
In p-type sem iconductors th ere  are enough holes to a tta in  etching, bu t to create 
enough holes in  an n-type semiconductor it  m ust be illum inated by light having a 
w avelength  less th an  the  band-gap. The four-stage cycle for ob tain ing  a dep th  
d istribu tion  of AT* are  1) ob ta in ing  th e  I(V) da ta , from w hich th e  range of b ias 
voltages for C(V) m easurem ents is obtained; 2) obtaining the C(V) data, from which 
the bias necessary to a tta in  etching is obtained; 3) m easuring the depletion length; 
and 4) etching (stage 1 is th en  repeated , and  so on). Obviously the  etching ra te  
increases w ith the etching current; therefore, the etched depth can be calculated by 
using Faraday’s law of electrolysis:
where X e is the etched depth, I e is the etching current, g  and Mw are the density and 
the m olecular w eight of the  sem iconductor respectively, z is th e  valence of th e  
resulting ions (see the dissolution reaction above) and CF is the Faraday constant.
GaAs + six holes —> Ga3+ + As3+.
o
(4-3)
Chapter 4 Ion implantation for the three-dimensional integration of chemical compensation 78
4.34 - Results and discussion 1: eC(V) measurements
F ig u re  4.7 d e p ic ts  som e of th e  r e s u l t s  o b ta in e d  d u r in g  th e  eC(V) 
m easurem ents. After the  im plantation  of 2 .8xl014 Mg++ ions cm'2, th e  eC(V) da ta  
in d ica te  th a t  70% of th e  Si d o p an ts  w ith in  1pm of th e  GaAs su rface  can be 
reac tiv a ted  by a 740°C/5s anneal (the as-grown donor density  (1 .2x l018 cm4) is 
m arked by the dashed line). As figure 4.7 indicates, the 740°C/5s anneal activated a 
sign ifican t num ber of im p lan ted  Mg atom s; hence the  p-type layer below 1pm. 
Considering the quantitative characteristics of this eC(V) data, if  one estim ates th a t 
between 50 and 70% of the  Si atoms a t th a t depth were reactivated by the anneal, 
which is a very reasonable estim ate, then  the presence of a p-type layer indicates 
th a t a t least 6.1xl017 Mg atoms cm-3 were active; th is is approximately 35% of th a t 
required to chemically compensate the n+-layer beneath the double-barrier structure 
of NU133x (see figure 4.4). Specimens annealed a t 800°C were also investigated - 
unfortunately  no m eaningful da ta  were obtained (a m eaningful set of eC(V) data  
obtained when measuring more than  one specimen is extremely difficult to carry out 
successfully  because the  equ ipm ent se t-up  p a ram ete rs  req u ired  for a specific 
specim en are  alm ost alw ays d ifferen t to those requ ired  for another). The d a ta  
depicted in figure 4.7 does nevertheless prove th a t a layer of n-type GaAs far below 
the surface can be transform ed into a p-type layer by an im plantation-and-anneal 
process (without decreasing the near-surface n-type doping greatly).
Note th a t the p-type layer is somewhat closer to the surface than  the peak of 
the  Mg d istribu tion  depicted in  figure 4.4; th is  is consisten t w ith  Mg diffusion 
towards the  surface during the  anneal. Anneals a t higher tem peratures will have 
caused more Mg diffusion, which would be undesirable. The duration  of a h igher 
tem p e ra tu re  an n ea l used  to re p a ir  m ore im p lan ta tio n -c rea ted  defects and /or 
activate more Mg would have to be kept very short (e.g. one second) to minimise the 
diffusion of Mg atoms into the near-surface layers. Note the m eaningless data  near 
the extremes of the p-type layer; these data  are probably an artifact caused by the 
presence of the p-n junctions. Ju s t  beyond the p-type layer, w ith increasing depth 
the  reactivated  num ber of Si atom s decreased to a m inim um  (at ~2.5|im) before 
increasing to the  as-grown density. The depth of th is m inim um  is consistent w ith 
the depth of the implantation-created damage peak.
4.35 - Results and discussion 2: /(V) measurements
The /(V) characteristics of NU1332 after implantation of 2.5xl0141.3MV Mg++
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Depth (iim)
Figure 4.7 1/V*i in RMG1 after implantation of 2.8x1014 1.3MV Mg^ ions cm2, and
annealing for five seconds at 740°C.
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ions cm'2, and annealing a t 800°C for one second, are depicted in  figure 4.8a: note 
th e  very sm all cu rren t density  and the  complete absence of NDR, both of which 
prove th a t the 800°C/ls anneal repaired too few of the defects to a tta in  the recovery 
of the  as-grown I(V) characteristics of this m aterial (which was im planted w ith the 
lowest d o se  o f ions). D esp ite  th e  p robab le  an n ea l-in d u ced  re a c tiv a tio n  of a 
considerable number of Si donors, as indicated by the data depicted in figure 4.7, the 
presence of the  m any rem ain ing  defects greatly  degraded the  electron tran sp o rt 
through the im planted-and-annealed double-barrier structure. Chapter 5 describes 
the large extent to which current conduction through a typical DBD is degraded by 
the presence of even a few defects.
Annealing the same m aterial again for th irty  seconds at 515°C repaired a few 
more of the  defects, and the  I(V) characteristics improved somewhat: note the (low 
quality ) NDR in  reverse  bias. S ubsequen t an nea ling  did no t im prove th e  J(V) 
characteristics any more. To repair more of the implantation-created damage, it was 
not circumspect to use a more powerful process (higher tem perature and/or longer 
time) th a n  th e  800°C/ls anneal. As w ill be explained in  section 4.5, a t 800°C or 
above th e re  occurs a m easu rab le  am ount of Si diffusion and  in te rd iffusion  of 
AlxGalxAs a n d  GaAs even  in  as-grown A lxGalxAs/GaAs heterostructu res. In  an 
ion-implanted A^Gaj xAs/GaAs heterostructure annealed a t the same tem peratures, 
Si diffusion and interdiffusion of AlxGalxAs and GaAs would be m uch enhanced15. 
Therefore, h igher-tem perature anneals were not attem pted  because, even though 
m any more of the  defects would be repaired , the I(V) characteristics of the DBDs 
would be degraded considerably (see figure 4.3b).
I t  is concluded th a t high-energy Mg++ im plantation  to create a chemically- 
compensated layer buried beneath the DBDs is much too destructive to be the basis 
for the three-dim ensional in tegration of DBDs with microwave-detector diodes. A 
feasible alternative involving the creation of much less damage, and, hence the use 
of more effective post-implantation anneal, is described in section 4.4.
Near-perfect PVCR after implantation-and-annealing
D espite the  fa ilu re  of the  C+- an d  Mg++-im plantation processes to create a 
buried resistive layer beneath good-quality DBDs, the I(V) m easurem ents of m any 
different Mg++-implanted-and-annealed DBDs was to some avail. Figure 4.8b depicts 
th e  I(V) characteristics of a specim en of NU1331 im planted w ith  2 .5x l014 1.3MV 
ions cm*2, and annealed a t 700°C for one second. These ‘one-off I(V) characteristics
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Bias voltage (V)
Figure 4.8 The l(V) characteristics of NU133x before and after the implantation-and- 
anneal processes written in the legends.
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are rem arkable because they are qualitatively almost identical to the as-grown 7(V) 
characteristics (included for comparison), but 7pd is two orders-of-magnitude less. As 
will be described in  C hap ter 5, V  of a double-barrier s tru c tu re  in  series w ith  a 
damaged layer, i.e. a relatively-high resistance, is larger because more of the bias 
exists across the added resistance; th is is proved by the resu lts depicted in figures
3.8 to 3.11, w hich also  prove th a t  th e  PVCR is d eg raded  by th e  p resence  of 
im p la n ta tio n -c re a te d  dam age. T he n e a r-p e rfe c t PVCR an d  Vp o f  t h e  7(V) 
characteristics depicted in figure 4.8b are consistent only w ith an apparent decrease 
of the cross-sectional area of as-grown m aterial within this DBD mesa. As Chapter 6 
describes in much detail, this is indeed w hat happened.
4.4 - Boron (and beryllium) implantation
S evera l unp rocessed  specim ens of NU1332 w ere  im p la n te d , a t  room 
tem perature, w ith  5 x l0 13 2M eV  B+ io n s  cm'2. After the  specim en-preparation  
processes described in sub-sections 3.23 a n d  3.24, th e  7(V) characteristics of the  
B+-im planted DBDs were investigated  a fte r annealing  a t only 600°C for various 
short durations. Figure 4.9 shows th a t these relatively low-power anneals partly  
recovered the as-grown DC performance of the DBDs. Also depicted in figure 4.9 are 
the results obtained during double-crystal x-ray diffraction (XRD) investigations16 of 
th e  sam e m a te ria l: th e  p eak  of th e  ‘rock ing  cu rve’ w as m ade b ro ad er by ion 
im plantation because the lattice constant throughout the defective crystal was less 
uniform than  th a t throughout the as-grown crystal, but the abruptness of the peak 
was partly recovered by the short 600°C anneals. With more powerful annealing, the 
as-grown 7(V) characteristics and rocking curve should have recovered completely. If 
most of the  damage created by a room-temperature im plantation of B+ ions can be 
annealed a t only 600°C (or not m uch above), then  so can the  damage created by a 
high-tem perature im p la n ta tio n  of Be+ ions; th ese  a re  sm a lle r  and, hence, less 
damaging. Chemical compensation of an n+-doped layer beneath  a DBD should be 
possible when using Be+ implantation, but, very importantly, w ithout degrading the 
7(V) characteristics of the DBD.
Despite the  toxic h aza rd  described in  C hap ter 2, some in teg ra ted -c ircu it 
m anufacturers do im plant Be* ions into GaAs because 1) these  sm all ions create 
little damage to the GaAs and 2) Be is a very easily-activated acceptor17 (even more 
so than Mg). Figure 4.10 depicts the depth dependence of both the p-type dopant
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Figure 4.9 The XRD rocking curves and l(V) characteristics of NU1332 both before 
and after implantation of 5x1013 2MeV B+ ions cm2, and annealing at 
600°C for the durations written in the legends.
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Depth (jim)
Figure 4.10 The theoretical distribution of vacancies and implanted p-type dopant 
atoms in GaAs after a dose of 2x1014 2.6MeV Mg+ ions cm 2, and 1.4x1014 
1.2 MeV Be+ ions cm’2.
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density and the vacancy density in GaAs after implantations of 2.5xl014 2.6MeV Mg+ 
ions cm-2, and 1 .4xl014 1.2MeV Be+ ions cm'2. The Be+ im plantation is completely 
superior: there are much fewer vacancies because the Be+ ion is much lighter; there 
are few er p-type dopants n ear the  surface because the  Be d istribu tion  is more 
ab ru p t; and  th e  necessary  ion energy is m uch less. I f  th e  DBDs described  in  
sub-sections 4.2 and 4.3 were im planted w ith 1.2MeV Be* ions instead  of 2MeV C+ 
ions or 1.3MV Mg++ ions, the ir post-anneal DC performance will have been much 
superior: much less damage will have been created; thus necessitating a much less 
powerful post-im plantation anneal. The results depicted in figure 4.9 indicate th a t 
an  800°C/ls an n ea l should  re p a ir  m ost if  no t all of th e  defects w ith in  a DBD 
im planted, a t high tem perature, w ith high-energy Be* ions, b u t should not cause 
detrim ental enhancem ent of Al and Ga interdiffusion across the  AlxGal xAs-GaAs 
interfaces. Raiston et a l18 carried out room -tem perature im plantations of Be* ions 
into Al0 3Ga0 7As/GaAs superlattices, where the Be* dose was m ore th an  ten  tim es 
larger th an  th a t mentioned above. After annealing their sam ples a t 660°C for four 
hours, th ey  c a rried  ou t tra n sm iss io n  e lec tron  m icroscopy to in v e s tig a te  th e  
superlattice integrity: no evidence of Al03Ga07 As/GaAs intermixing was detected.
Unfortunately for the author, several years ago the EPSRC Central Facility 
for Ion Beam Technology a t Surrey banned the im plantation of Be* ions w ithin its 
laboratories because of the toxic hazard. If a research group elsewhere has access to 
a pure beam  of h igh-energy Be* ions th e n  they  ought to im plant them  through 
double-barrier s truc tu res because th e ir  post-anneal I(V) charac teristics and RF 
performance will be interesting (but both expensive and very dangerous to obtain).
4.5 - Post-anneal DC performance of ASPAT diodes
If a high-energy Be*-implantation-and-anneal process succeeded in creating a 
resistive layer buried beneath high-quality DBDs, the post-anneal performance of 
the  m icrowave-detector diodes to be grown beneath  the  DBDs (and benea th  the 
resistive layer) should be investigated. A wafer having the layer structure of a high- 
perform ance ASPAT diode was grown19, and  its  as-grow n J(V) characteristics a t 
various distances from the centre of the wafer were investigated (as part of a project 
to investigate the commercial ‘m anufacturability’ of this single-barrier structure20). 
The as-grow n ASPAT diodes w ere fab rica ted  u sin g  th e  p rocess d escrib ed  in  
sub-sections 3.22 and 3.24 (except th a t  the  m esas were etched to 1.2pm, which took
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120s). Wilkinson et al20 describe the differences between the /(V) characteristics at 
d i f f e r e n t  r a d ia l  p o s it io n s , a n d  a ll  th e  o th e r  im p o r ta n t  r e s u l t s  o f th e i r  
manufacturability investigations.
Several unprocessed specimens from the same wafer were then  prepared for 
annealing by capping them  w ith 50nm of Si3N4 to prevent the evaporation of either 
Ga or As from th e ir  surfaces. The anneals used were, logically, sim ilar to those 
described in  sub-section 4.33, i.e one-second an n ea ls  a t e ith e r  750°C or 800°C. 
Sub-section 4.23 describes how th e  Si3N4 w as deposited, and  th en  rem oved a fte r 
annealing. The post-anneal specimens were fabricated as described above, and then 
their /(V) characteristics were investigated.
4.51 - Results and discussion
Figure 4.11 depicts the as-grown and post-anneal I(V) characteristics of the 
ASPAT diodes, together w ith the ir as-grown layer structure. For clarity, much I(V) 
d a ta  are  om itted  because m ost of th e  as-grow n d a ta  obtained  betw een th e  two 
positional extremes were almost identical to th a t obtained a t 12mm from the wafer 
edge; and, similarly, the post-anneal data  obtained between 6 and 10mm from the 
wafer edge differed very little  (no post-anneal data were obtained beyond those two 
extrem es). The re su lts  depicted in  figure 4.10 ind icate  th a t  ASPAT diodes are  
suitable for integration w ith ion-im planted DBDs: after the  750°C anneal the  I(V) 
characteristics of the  ASPAT diodes were unchanged; and a fte r the 800°C anneal 
th e  I(V) charac teristics w ere not degraded qualita tive ly , a lthough  th e  cu rren t 
density  in  both  forw ard and  reverse  b ias w as som ew hat la rg er. At th e  annea l 
tem peratures used, the  d istribution  of Si donors and the composition of the  AlAs 
layer should have changed only very slightly15: such a small change was measurable 
a f te r  a n n e a lin g  a t  800°C because  of th e  se n s itiv ity  of q u an tu m -m ech an ica l 
tunnelling to variations of m ateria l composition20. The layers of an  ASPAT diode 
would, therefore, be degraded considerably if a therm al process more powerful than  
ar\800°C/ls annea l w as used to rep a ir  an  ion-im plan ted  DBD grown above the  
ASPAT diode; th is is why it was not expedient to a ttem pt such a therm al process 
during the work described in sections 4.2 and 4.3.
4.6 - Conclusions
The as-grown DC performance of DBDs implanted with high-energy B+ ions
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Figure 4.11 The as-grown layer structure of the ASPAT-diode wafer, together with its 
as-grown and post-anneal l(V) characteristics.
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was recovered considerably by rap id  therm al-annealing  for short durations a t a 
relatively-low  tem pera tu re  (600°C). T he dam age c re a te d  by h ig h -e n e rg y  Be+ 
im plantation should not, therefore, necessitate the use of anneals involving the use 
of tem peratures higher than  800°C, a t which it was proved th a t destructive changes 
to A^Ga^As/GaAs h e te ro stru c tu res  occur m easurably; th u s  b a rrin g  th e  use of 
im plantation-and-anneal processes necessitating higher-tem perature anneals (such 
as a n y  of th e  C+- a n d  Mg+-im plan tation  processes described in  th is  chapter). 
High-energy Be+ implantation should, after annealing, cause chemical compensation 
of p a rt of th e  n+-doped m ateria l beneath  a DBD; thus creating a sem i-insulating 
la y e r  w h ic h  cou ld  is o la te  th e  DBD from  a n  A SPA T d io d e  b e n e a th  th e  
sem i-insulation - the fabrication of the high-performance microwave-mixer circuit 
described in sections 1.2 and 3.1 will then  be possible (in fact, a p-type layer buried 
beneath  a th ick 70% -reactivated n+-layer w as created by annea ling  some of the  
Mg+-im planted m aterial). T he su ccessfu l fa b r ic a tio n  of a h ig h -p e rfo rm an c e  
in tegrated  circuit which can mix microwaves, consisting of DBDs in tegrated  w ith 
ASPAT diodes a t a g rea ter depth, depends only on the resources and the  will of a 
research group with access to high-energy Be+ ions.
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T h e  e l e c t r o n ic  p e r f o r m a n c e  
OF IMPLANTED-AND-ANNEALED 
DOUBLE-BARRIER DIODES
5.1 - Introduction
C hapters 3 and 4 described electrical investigations of DBDs which were 
im planted-and-annealed in  an  a ttem p t to create a resistive layer beneath  them . 
Chapter 5 describes more detailed investigations of the electronic transport through 
im plan ted-and-annealed  near-su rface  DBDs: und ers tan d in g  the  physics of the  
electronic tran sp o rt through such a s tru c tu re  would facilitate  the  designing of a 
DBD which perform ed b e tte r after one of the  im plantation-and-anneal processes 
described in  C hap ters 3 and  4. Some theo re tica l w ork w as also carried  out in 
con junction  w ith  th e  ex p e rim e n ta l m easu rem en ts ; th is  invo lved  m odelling  
implantation-caused changes to the conduction-band edge above and below a DBD.
5.2 - Experimental procedure
NU168 and NU1333 were the DBD samples investigated, which are described 
in  C hap te rs  3 and  4 respectively . The tab le  on page 92 lis ts  th e  im p lan ta tio n  
processes used, all of which were carried  out a t room tem pera tu re . None of the 
ion-beam currents used during these im plantation processes would have heated the 
specimens considerably. Once again, the  ion beam was a t 7° from the normal to the 
surface of the  specimens (see sub-section 2.3i). Figure 5.1 depicts the theoretical 
distribution of damage created by each of the implantation processes.
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Figure 5.1 The theoretical distributions of damage created by each of the implant­
ation processes used here (calculated by TRIM).
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Dose, energy and ion lon-beam current Bon accelerator
lx l0 12325keV protons cm'2 0.2pA 500kV
3xl012325keV protons cm'2 0.2jiiA 500kV
lxlO 13 325keV protons cm'2 0.2pA 400kV
2xl013 325keV protons cm'2 0.2|iA 400kV
4xl013325keV protons cm 2 0.2pA 400kV
8xl013325keV protons cm*2 0.2(iA 400kV
8xl014 300keV protons cm"2 2.0|lA 500kV
lxlO 14 750keV He+ ions cm'2 25nA 2MV
5.21 - Post-implantation specimen preparation and l(V) measurements
The processing used to p rep a re  th e  specim ens for I(V) m easu rem en ts is 
described in sub-sections 3.23 and  3.24. The 325keV proton-im plantation processes 
w ere carried  out after th e  m esas u sed  for th e  Z(V) m easurem ents were etched, 
w hereas the  o ther two im p lan ta tions w ere carried  out before the  etching of the  
m esas (the  400°C contact-alloying process would have annealed  the  very-light 
damage created by the 325keV proton-im plantation process). The optical annealing 
furnace, Kulicke & Soffa gold-wire bonder, and the apparatus and procedure used 
during/(V) m easurements were exactly the same as those described in Chapter 3.
5.3 - Results and discussion 1 : pre-anneal DC performance
This section prim arily describes the  effects of ion im plantation of lx lO 13 and 
2x l013 325keV pro tons cm'2 in to  NU168, b u t th e  o ther im p lan ta tio n  processes 
described above are discussed also.
5.31 - The conduction-band edge
As sta ted  in sub-section 2 .21, the  num ber of trapped electrons in  a defective 
semiconductor is negligible when n is m uch larger th a n  N t. As indicated by figure 
5.1, n will have been m uch larger th an  N t in  th e  n+ contacts after im plantation of 
lxlO 13 325keV protons cm'2; therefore, the conductivity of this m aterial will not have 
been m uch d ifferent to th a t  of the  equivalen t as-grown m ateria l. To prove th is ,
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m etallised  m esas of a bu lk  GaAs sam ple doped w ith  2 x l0 18 Si a tom s cm 3 w ere 
fabricated  using the  techniques described in sub-sections 3.21 an d  3.23, and  the  
re s is tiv ity  of th e  GaAs w as m easu red  before and a fte r  im p lan ta tio n  of lx lO 13 
325keV protons cm-2: a re s is tiv ity  of ~10'3Qcm w as m easu red  before and  a fte r 
im plantation, which was the order of m agnitude expected1. The slight decrease of n 
caused by ion im plan ta tion  will have, as s ta ted  by the  Ferm i-D irac d istribu tion  
function2, decreased E F therein very slightly.
Figure 5.1 indicates th a t a room -tem perature im plantation of lx lO 13 325keV 
protons cm'2 creates ~1.7xl017 vacancies cm'2 a t the  dep th  of th e  graded-doped 
spacer layer in  the  em itte r. Even if  only h a lf  the  associated  defect s ta te s  were 
electron traps then  N t was a t least four-tim es larger th an  the  m axim um  n in  th a t 
layer. W hen N t is m uch larger th an  n , most of the once-free electrons are trapped 
within the defects states3; thus creating semi-insulation because there are almost no 
free electrons w ith which to transfer charge. The 50nm-thick graded-doped spacer 
layers will therefore have been highly resistive after ion implantation.
Conduction band modelling
The creation of lx lO 17 point defects cm'3 should not have changed the  profile 
of th e  conduction-band edge of NU168 considerably. T he principle of th is  w as 
sim u la ted  theo re tica lly  by using  a se lf-consisten t Poisson-Schrodinger so lver 
developed by Syme4 to model the (single-barrier) ASPAT diode. The conduction-band 
edge of a sing le-barrie r s tru c tu re  hav ing  variab le  n in  th e  con tac t lay e rs  w as 
modelled, and the results obtained are depicted in figure 5.2. Obviously the changes 
to the conduction-band edge caused by space-charge accumulation between the two 
b a rrie rs  during  resonan t tunnelling  is not included in Syme’s program , b u t the  
space-charge effects caused by the presence of ionised donor atom s5 in the n-doped 
contact layers are included; therefore, the author’s use of Syme’s program to model a 
single-harrier structure  having variable n instead of the equivalent double-barrier 
structure was not inappropriate. The Poisson equation Syme uses is
d2<j>/cte2 = [ | e | /ee0](iVD - rc)] (5-1)
where z  is the direction of current flow (all the other quantities are described in the 
g lossary  on page xv). T here a re  two unknow ns in  equation  (5-1): n a n d  (j). The 
simulation starts by obtaining (j) by using the Thomas-Fermi approximation6. (|> is
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Bias voltage= 0.8 V
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 EF within emitter of structure 2
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Figure 5.2 The conduction-band edge of a single-barrier structure having variable n in 
each of the n-doped layers (which were modelled on those of NU168).
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th en  in se r te d  in to  th e  ID  S chrod inger equation , w hich is u sed  to ob ta in  the  
wavefunctions of any quantised electron states in the accumulation layer. The result 
of this calculation is inserted into the equation
n = |y|/2| [m*kBT/Kh2] In 11 + exp [(EF - E )lkBT\ | (5-2)
where \{/ is the ID electron envelope function, and E i is the energy of the quantised 
sta te  i. The resu lt of th is equation is inserted in equation (5-1), and then  the entire 
process is repeated by using the Thomas-Fermi approximation to calculate the new 
value of (j). The process is repeated until convergence is attained. From the em itter 
contact to the AlAs layer, E F is assum ed to be the same as th a t w ithin the em itter 
contact. W ithin  the  AlAs layer, E F is assum ed to be decreased  by h a lf  th e  b ias 
voltage. Below the AlAs layer, E F is assumed to be decreased again by the other half 
of the bias voltage. See Syme4 for more details about the simulation.
The n-type layer structure  and ‘as-grown’ doping of the modelled AlAs/GaAs 
single-barrier s tru c tu re  were varied to be very sim ilar to th a t  of NU168, b u t the 
graded-doped n-type layers were m odelled as a single layer doped w ith lx lO 16 Si 
atom s cm*3 (this was the  average as-grown Si density  in these  layers). The post­
im plantation free-electron density in  th e  n+ contacts was calculated to be between 
1.8xl018 and  ~1 .95xl018 cm*3, assum ing th a t  each of the  electron-trapping  defect 
sta tes w ith in  the  n+ contacts trapped between one and th ree  electrons3 (figure 5.1 
shows th a t  th e  density  of point-defects in  th e  n+ contacts w as - lx lO 17 cm*3). As 
mentioned above, n in the graded-doped layers will have been decreased greatly by 
the im plantation process. I t  was assum ed during the theoretical sim ulation th a t n 
in the post-im plantation graded-doped layers was as low as the ‘background’ donor 
density7 in epitaxially-grown undoped GaAs, i.e. between lx lO 14 and 5xl014 cm*3. The 
results depicted in figure 5.2 show th a t proton im plantation caused little change to 
the conduction-band edge a t a specific bias, bu t E F was decreased slightly relative to 
the  bottom  of the  accum ulation layer (very sim ilar resu lts  w ere obtained for all 
free-electron densities in the n+ contacts between 1.5xl018 and 2x l018 cm*3).
The re su lts  described above w ere ob tained  assum ing  th a t  E F w ith in  th e  
graded-doped spacer layers was not ‘p inned’ by the presence of defect s ta tes near 
the  m iddle of the  band-gap8; th is can occur w hen N t is m uch g rea te r th a n  n, and 
w hen m ost of th e  e lec tro n -trap p in g  defect s ta te s  in  ion -im p lan ted  GaAs are  
approxim ately half-way between the conduction-band and valence-band edges8. If
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such a p inn ing  of E F occurred w ith in  the  post-im plantation graded-doped spacer 
layers then the results obtained by the theoretical simulation described above would 
be inconsistent: the  em itter spacer-layer barrie r would be m uch higher th an  th a t 
depicted in figure 5.2 because E F in the graded-doped layers would be ~0.7eV below 
the conduction-band edge, i.e. ~0.6eV lower than  th a t calculated by the modelling. If 
the  post-im plantation em itter spacer-layer barrie r was indeed 0.6eV higher th an  
th a t depicted in  figure 5.2 then  Vp after im plantation would be a t least IV higher 
th a n  th e  as-g row n Vp ( th e  in c re a s e  of Vp w ould be app ro x im ate ly  tw ice th e  
additional height of the  em itter spacer-layer barrier because more or less h a lf the 
bias voltage across a DBD is applied across the collector9).
5.32 - Electron transport
Figures 3.8, 3.9 and 5.3 show th a t the post-im plantation /(V) characteristics 
are completely different to the as-grown characteristics: note th a t after im plantation 
I  d is much lower, 7pd decreases w ith tem perature, the PVCR of the m ain resonance 
a t 295K is much lower, and the PVCR has a very unusual tem perature dependence 
because of the existence of a second resonance peak a t low tem peratures. However, 
Vp is only 0.3V larger after the  im plantation  process. E F w ithin the graded-doped 
spacer layers was, therefore, not pinned to an energy in the middle of the band-gap, 
and the results depicted in figure 5.2 are meaningful.
The slight increase of Vp w ith ion im plantation is partly  a ttribu tab le  to the 
fac t th a t  E f in  th e  n+ contacts w as sligh tly  lower re la tive  to th e  energy of the  
confined state  between the barriers after im plantation (see figure 5.2). The decrease 
of 7pd is partly attributable to inelastic scattering of resonant-tunnelling electrons by 
the 2xl0 '5 vacancies nm 3 within both the accumulation layer and the double-barrier 
structure: th is small am ount of scattering will have destroyed the  coherence of the 
resonan t-tunnelling  process of a very few electrons; th u s decreasing 7pd slightly 
because of p a rtia l reflection of the  electron w avefunction, and, hence, causing  
transm ission  of fewer electrons a t resonance5,9. This sca ttering  process will also 
have decreased the PVCR slightly because not all the incident electrons having a 
kinetic energy degenerate with E 0mn will have tunnelled resonantly a t V  .
5.33 - Charge-transfer from the n+ contacts to the double-barrier structure
As described in sub-section 1.23, the current density a t a specific bias across 
an ASPAT diode or a DBD is limited by the conductivity of the em itter spacer layer.
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Figure 5.3 The /(V) characteristics of NU168 after implantation of 1x1013325keV 
protons cm 2.
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M ost o f th e  d iffe ren c e s  b e tw ee n  th e  a s-g row n  and  p o s t- im p la n ta tio n  /(V) 
characteristics are a ttribu ted  to the  resistive characteristics of the  graded-doped 
spacer layers after ion im plantation. The increased Vp after ion im plantation  was 
caused prim arily  by the  fact th a t the  DBDs were more resistive, particu larly  the 
graded-doped spacer layers; therefo re , a la rg e r b ias w as necessary  to a tta in  a 
specific electric field across the double-barrier structure. The obvious occurrence of a 
resonance peak a t 295K (resonance ‘a ’) indicates tha t some charge transfer between 
the n+ contacts and the double-barrier structure was occurring at th a t tem perature, 
but its m agnitude a t a specific bias was much less, and its tem perature dependence 
was completely unlike th a t of an as-grown specimen.
5.34 - Decrease of / d with temperature
The tem perature dependence of the  post-im plantation DC characteristics is 
sim ilar to th a t of 3D-2D resonant tunnelling of ballistic electrons9,10 (see sub-section
I .32) where the  num ber of populated quasi-continuous 3D em itter sta tes decreases 
w ith tem perature. However, if a large proportion of the resonance current depicted 
in figure 5.3 was form ed of ballistic  electrons th en  the7(V) characteristics after 
im p lan ta tio n  of 2 x l0 13 325keV  p ro to n s  cm'2 w ould also  in c lu d e  a p ro m in e n t 
resonance current of ballistic electrons because the free-electron density w ithin the 
n+ contacts of th is m ateria l will also have been very high (~ lx l0 18 cm'2): figure 3.8 
shows th a t such a resonance was not observed. Also, the presence of defect states in 
the graded-doped spacer layers and the double-barrier structure after im plantation 
of e ith e r  dose will have in e las tic a lly  sc a tte re d  m any b a llis tic  e lectrons; th u s  
th e rm a lis in g  them  in to  th e  accu m u la tio n  lay e r. F u rth e rm o re , a p ro m in en t 
resonance of ballistic electrons after ion im plantation would still be observable after 
annealing some of the defects; however, the only resonance observed after the initial 
stages of annealing was the recovered m ain resonance of electrons originating from 
the quasi-2D sta tes in the accumulation layer (see figure 3.9). Also, the hypothesis 
th a t the post-implantation main-resonance current was formed primarily of ballistic 
electrons explains the  tem p era tu re  dependence of 7pd b u t does no t exp la in  th e  
occurrence of a second resonance peak (resonance lb’) a t low tem peratures.
Field-enhanced emission of electrons from defect states
The tem perature  dependence of the  post-im plantation 7pd is also sim ila r to 
th a t of a typical ion-implanted semiconductor11, in which the conductivity decreases
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w ith decreasing en from defect s ta tes (see sub-section 2 .21). Figure 3.8 shows th a t 
after a dose of 2x l013 325keV protons cnr2, the qualitative characteristics of the I(V) 
data  are very sim ilar to those of a damaged semiconductor11’13. There was, however, 
an indication of resonant tunnelling a t ~ IV, which is a higher Vp than  th a t depicted 
in  figure 5.3; th is  is consisten t w ith  th e  resistance  of the  DBD increasing  w ith  
damage, and E F decreasing with increasing N t.
The 7(V) data  obtained when investigating DBDs im planted w ith even higher 
doses had  sim ilar qua lita tive  DC characteristics bu t th e re  w as no indication of 
resonant tunnelling, and the  ‘current-breakdow n’ voltage increased w ith damage. 
After th e  750keV  H e+ im p la n ta tio n , w hich should  have  rem oved a ll th e  free 
electrons in the n+ contacts, the current-breakdow n voltage was larger th an  35V; 
th is  is c o n s is ten t w ith  th e  re s u lts  ob ta ined  by Sze11, who described  how th e  
d ie lec tric  b reakdow n of a dam aged  sem iconductor in c reases  w ith  in c reas in g  
damage-associated resistivity.
Poole-Frenkel emission
A fte r ion  im p la n ta tio n , P o o le -F ren k el em ission  of e lec tro n s  in to  th e  
conduction  b an d  from  th e  defect s ta te s 1114 is p ro p o sed  to  h av e  l im ite d  th e  
conductivity of the graded-doped spacer layer a t 295K; th is mechanism, which has 
not been observed before when investigating DBDs, is described in sub-section 2.2i .
Figure 5.4 depicts ln(7) as a function of 1/T, a t four fixed bias voltages across 
NU168 after im plantation  of lx lO 13 325keV protons cm 2. Note th a t the  da tase ts  
obtained a t 0.6V and 0.8V have two distinct components, each of which represents a 
different current-conduction m echanism . The c u rre n t o rig in a tin g  from  Poole- 
Frenkel emission from defect states is given by (see sub-section 2.21)
7= Vexp{-e[£t-(eV/Ws7ie0e)1/2]/7!BT}, or (5-3)
7= (Constant) expt-T^gT] a t a fixed bias. (5-4)
By taking natural logs, equation (5-4) becomes
In 7 = [-.E t/kBT] or (5-5)
-Et = kB [In 7/(l/T)]. (5-6)
Ln 
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)
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Figure 5.4 Ln(f) as a function of 1/7 (at four fixed bias voltages) of the data depicted 
in figure 5.3. The inset depicts Ln (I), of the data depicted in figure 3.8, as a 
function of V72.
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Therefore, if  Poole-Frenkel em ission was the  current-lim iting m echanism  in  the 
ion-implanted DBDs then  E t can be calculated a t a specific bias by plotting a graph 
of ln(7) as a function of 1 JT - the dataset of which should be a straight line11*13.
As depicted in figu re  5.4, a t h igh  tem p era tu re s  the  g rad ie n t of th e  two 
lowest-bias da tase ts  and th a t  obtained a t Vp is indeed very s tra ig h t, w hich is a 
strong indication  th a t  the  cu rren t-lim iting  m echanism  in  these  conditions was 
Poole-Frenkel emission. E t a t 0.6V and 0.8V was 0.15eV and 0.08eV respectively, 
which is consistent w ith the  decreasing of E t w ith increasing bias (see figure 2.4). 
The m agnitude of E t a t both bias voltages is low, which indicates th a t  E t a t zero 
bias, i.e. the  actual depth of the  defect s ta te , was also low (but som ewhat h igher 
th a n  0.15eV); th is  is consistent w ith  the  work of Yuba et a l15, who discovered a 
relatively high density of defect s ta te s  a t only ~0.3eV below the  conduction-band 
edge of GaAs implanted w ith between lxlO 11 and lxlO 14 60keV protons cm-2.
N ote th a t  th e  tran sm iss io n  p ro b ab ility  of th e rm a lly -em itted  e lectrons 
th rough  th e  double-barrier s tru c tu re  a t a specific b ias w ill have changed very 
slightly w ith tem perature  because of the  changing profile of the  conduction-band 
edge, and the increasing num ber of available collector states; however, as depicted 
in figure 5.4, ln(7) a t  Vp decreased linearly  w ith 1/T; th u s ind icating  th a t  7pd was 
limited primarily by Poole-Frenkel emission.
The in se t of figure 5.4 depicts ln(7) as a function  of V172. As described by 
equ a tio n  (5-3), th e  c u rre n t of e lec trons em itted  in to  th e  conduction  h an d  by 
Poole-Frenkel emission from defect states is proportional to expCV172). Such a current 
should therefore be a straight line when depicted in the inset of figure 5.4. At a bias 
low er th a n  V , th e  two d a ta s e ts  a re  indeed  s tra ig h t  lin es w ith  very  s im ila r  
gradients; th is is another strong indication th a t the current-lim iting mechanism in 
these conditions was Poole-Frenkel emission. Q uan tita tive  analysis of such da ta  
ob ta ined  w hen in v e s tig a tin g  sim ple  e lectron ic  devices can e lu c id a te 11,14 th e  
m a g n itu d e  of e; how ever, w ith  in c re a s in g  b ias  th e  change  of tra n s m iss io n  
probability through the  double-barrier struc tu re , and the  non-linear increase of 
electric field a t a specific depth16,17 invalidate such analysis of the data  depicted in 
the inset of figure 5.4.
The much lower 7pd after proton im plantation is consistent
w ith  th e  presence of defect s ta te s  w ith in  th e  graded-doped spacer layers: as 
described above, the  cu rren t of ballistic  electrons will have been m uch less after 
im plantation. Also, after proton im plantation the  presence of empty defect sta tes
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w ithin the graded-doped spacer layers will have slowed-down and trapped m any of 
the therm alised electrons diffusing from the n+ emitter-contact to the double-barrier 
s tru c tu re  w hen biased. Furtherm ore, as depicted in figure 5.4, the  heigh t of the  
em itte r spacer-layer b a rr ie r  re la tiv e  to E F w as som ew hat g re a te r  a fte r  proton 
im plantation (this will have decreased the thermionic emission of electrons over the 
spacer-layer barrier from the n+ contact).
Field-enhanced ionisation
Figure 5.4 shows th a t  the  g rad ien t of the  d a ta se t obtained a t 1.2V is very 
different to th a t of the  other two: figure 5.3 shows th a t the  higher-bias resonance 
(resonance b) occurs in  these conditions. Resonance b was still observable a t very 
low tem pera tu res, a t which Poole-Frenkel emission does not occur considerably; 
hence the disappearance of resonance a w ith decreasing tem perature. Indeed, below 
25K resonance b was apparently  independent of tem perature . The ‘peak’ cu rren t 
density of resonance b was a superposition of its own current w ith Jvd of resonance a; 
hence its  ostensible decrease w ith tem perature and its tem perature  independence 
below 25K (at which resonance a was unobservable). In  o ther words the  current- 
density  decrease  of resonance  b w ith  te m p e ra tu re  w as d ep en d en t on th a t  of 
resonance a, but resonance b was actually independent of tem perature. Resonance b 
is a ttribu ted  to resonant tunnelling of electrons excited into the conduction band of 
the  graded-doped spacer layer by field-enhanced ionisation of the defect sta tes, a 
current-limiting mechanism which is independent of tem perature11.
Hopping conduction
At low tem peratures, the gradient of the three datasets depicted in figure 5.4 
is a lm ost iden tical, w hich ind icates th a t  the  activation  energy of th is  cu rren t- 
conduction m echanism , w here I  w as ve ry  low, w as independent of electric field. 
Furtherm ore, ln(7) changed rela tively  little  w ith  decreasing tem pera tu re  (where 
In (I) a t very low tem pera tu res was proportional to T074); these facts are consistent 
w ith hopping conduction of electrons betw een defect s ta te s11,13,18. A more detailed  
analysis of th is current in the  ion-im planted DBDs was not carried out because its 
magnitude was negligible.
5.35 - The PVCR
Consider the  PVCR a t 295K: w ith increasing bias the very large increase of
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the num ber of electrons excited into the conduction band by Poole-Frenkel emission 
will have lowered the PVCR because there  were m any more electrons available for 
conduction (and tunnelling) a t bias voltages higher than  V  . The same reasoning is 
applied  w hen describ ing the  5K PVCR: th e  bias-dependence of field-enhanced 
ionisation (see sub-section 2 .21) is such th a t  w ith  increasing  bias there  is a large 
increase of electrons in the conduction band. The increase of PVCR with decreasing 
tem perature between 295K and 210K is consistent w ith the increasing abruptness 
of the distribution of the sta tes w ithin the accumulation layer (c.f. the tem perature 
dependence of the as-grown PVCR). The ostensible decrease of PVCR (of resonance 
a) below 210K was caused by the increasing prominence of resonance b.
5.36 - Asymmetric l(V) characteristics
The asym metry between the forward- and reverse-bias I(V) characteristics of 
NU168 was more prominent after proton implantation. The as-grown 7(V) character­
istics of NU168 were asymmetric: I  in forward bias was slightly larger than  th a t in 
reverse bias; this is consistent w ith the forward-bias em itter being n+-doped slightly 
more highly than  the collector19 (the reverse-bias emitter). After proton im plantation 
th e  m agn itude  of N t below th e  double-barrier s tru c tu re  will have been slightly  
higher than  th a t above it (see figure 5.1); therefore, the num ber of trapped electrons 
w ithin the forward-bias em itter will have been relatively less th an  th a t w ithin the 
collector. Consequently, a fter proton im plan tation  there  will have been a bigger 
relative difference between the m agnitude of n w ithin the em itter and th a t w ithin 
the collector; hence the more prominent asymmetry of the 7(V) characteristics.
5.37 - Secondary resonances
T unnelling from the  confined energy-sta te  betw een the  b a rrie rs  th rough  
defect sta tes w ithin the  collector b a rrie r20 would not have occurred because E t in  
ion-implanted Al04Ga06As is usually not less than  0.5eV below its conduction-band 
edge8,21 and, therefore, more th an  or sim ilar to ~0.2eV below the  conduction band- 
edge of the GaAs layer between the barriers.
The small resonance a t a lower bias than  the main resonance is unobservable 
a fte r  ion im p lan ta tio n ; th is  sm all resonance  is a ttr ib u te d  to 3D-2D re so n an t 
tunnelling of ballistic electrons9,10 (see figure 3.7). The inelastic scattering of ballistic 
e lec tro n s  caused  by com positional defects w ith in  bo th  th e  e m itte r  and  th e  
d o u b le -b a rrie r s tru c tu re  w ill have  decreased  th e  resonance  c u rre n t of th ese
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electrons; this has already been described in  sub-section 5.34.
5.38 - Proton implantation of NU1333
Figure  5.5 depicts th e  rev erse -b ias  7(V) ch arac te ris tics  of NU1333 a fte r 
im plan tation  of lx lO 12, 3 x l0 12 and  lx lO 13 325keV protons cm'2. Com pared to the  
as-grow n 7(V) ch arac te ris tics  depicted in  figure 4.2, th e  post-im p lan ta tion  DC 
perform ance of NU1333 was m uch inferior even after the  lowest dose of protons, 
which was a ten th  of th a t implanted into NU168 (see figures 5.1 and 5.3). Figure 5.1 
indicates th a t th is sm allest dose of protons will have created enough defect sta tes 
w ithin the spacer layers doped w ith 2x l016 Si atoms cm'3 to have trapped m any but 
not all the free electrons (figure 4.1 depicts the as-grown layer structure of NU1333). 
The occurrence of both L O P-assisted  resonan t tunnelling  a t  77K and reso n an t 
tunnelling  from the upperm ost sub-band w ith in  the  accum ulation layer a t 295K 
were still observable after this im plantation process.
The doses of 3x l012 and lx lO 13 325keV protons cm*2, which greatly degraded 
the  7(V) characteristics, will have caused the trapping of a large proportion of the 
free electrons in all the  n-doped spacer layers: note th a t the  7(V) characteristics of 
NU168 after the dose of lxlO 13 325keV protons cm'2 were degraded much less.
The high sensitivity of NU1333 to the effects of ion im plantation is probably a 
result of the  creation of many defect states in  the (thick) layer of GaAs between the 
n+ contacts and the  double-barrier struc tu re : the  to ta l th ickness of th is  layer is 
340nm ([4*50nm]+20nm+120nm), w hereas in NU168 it is only 105nm (2*[50nm+ 
2.5nm ]). The h igh  sen sitiv ity  of th e  o th er very  s im ila r QW ITT-diode sam ple, 
NU1332, to im plantation-created damage was observed after the high-dose 1.3MV 
Mg++ im p la n ta tio n s  described  in  section  4.3: f ig u re  4 .8 a  show s t h a t  th e  7(V) 
characteristics after annealing were much inferior to the as-grown characteristics; 
th is  ind icates, together w ith  the  eC(V) d a ta  depicted in  figure 4.7, th a t  a h igh  
density of defect states rem ained after annealing. If  a QWITT diode is to be used in 
the  m icrowave-m ixer circuit described on th e  firs t page of C hap ter 3, the  post­
implantation anneal m ust be highly efficient a t repairing most if not all the defects.
5.4 - Results and discussion 2 : post-anneal l (V )  
characteristics of ion-implanted DBDs
Similar results to those depicted in figure 5.3 were obtained during 7(V)
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Figure 5.5 The reverse-bias l(V) and [6I/6V\(V) characteristics of NU1333 after 
implantation of the proton doses written in the legends. The asterisks mark 
the occurrence of resonant tunnelling from the uppermost sub-band.
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m easurem ents of NU168 after im plantation of 4x l013 325keV protons cm*2, but only 
after annealing for one second a t 400°C to anneal some of the  damage (see figure 
5.6): note th a t resonance b was independent of tem perature to a much larger extent 
th a n  th a t  depicted in  figure 5.2. A t a specific tem p era tu re , 7vd of reso n an ce  a 
depicted in the top-left graph of figure 5.6 was much lower th a n  th a t depicted in 
figure 5.3. Furtherm ore, 7pd of resonance b depicted in  figure 5.6 was 50% larger 
th a n  th a t  depicted  in  figure  5.2. 7pd of reso n an ce  b depicted  in  figure 5.6 w ill 
therefore have been less dependent on tem perature th an  th a t of figure 5.2. In fact, 
resonance  b d e p ic te d  in  f ig u re  5 .6  w a s  a lm ost com pletely ind ep en d en t of 
tem p era tu re ; th is  adds credence to th e  proposal th a t  i t  w as lim ited  by field- 
enhanced ionisation of defect states.
W ith subsequent Is  anneals a t h igher tem pera tu res the  n u m b er of defect 
s ta tes w ith in  the  graded-doped spacer layers decreased, the  disorder w ith in  the  
Al04Ga06As b a rrie rs  w as repaired , and, hence, the7(V) characteristics improved. 
Note th a t  the  77K forward-bias PVCRs after annealing a t 500°C and 550°C were
11.2:1 and 15.8:1 respectively (the reverse-bias PVCRs were similar).
F igure 5.7 depicts the  post-600°C-anneal forward-bias 7(V) characteristics 
after a dose of 8 x l0 14 300keV protons cm'2: note th a t 7pd of the  specimens annealed 
for the two shortest durations decreased before beginning to increase a t 240K (see 
figure 5.8); th is indicates th a t some Poole-Frenkel emission of electrons into the 
conduction band  from th e  rem ain ing  defect s ta te s  w as s till occurring a t h igh  
tem peratures. Compare the  as-grown PVCRs a t both 295K and 77K to those after 
annealing for the three longest durations.
Figures 5.6 and 5.7 show that, even after the most powerful anneals, many of 
the point defects in the n-doped layers had not been repaired. After im plantation of 
8xl014 300keV protons, and annealing a t 600°C for 120s, the 77K7pd was only -35% 
of the as-grown 7pd; the 295K PVCR was -85% of the as-grown PVCR; and, as figure
5.8 shows, w ith  decreasing  tem p e ra tu re  th e  increase  of7pd w as less th a n  th e  
increase of the  as-grown 7pd. These facts indicate th a t a considerable am ount of 
Poole-Frenkel em ission was occurring from the  (many) rem ain ing  defects, even 
though the conductivity of the graded-doped spacer layer above the em itter barrier 
had improved greatly with annealing.
5.41 - Less-prominent 3D-2D resonant tunnelling
Figures 5.6 and 5.7 show th a t the 3D-2D resonance current of ballistic
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Figure 5.6 The forward-bias /(V) characteristics of NU168 after a dose of 4x1013 
325keV protons cm'2, and annealing in the conditions written in the graphs. 
The asterisk marks an observable occurrence of 3D-2D resonance.
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Bias voltage (V)
Figure 5.7 The forward-bias l(V) characteristics of NU168 after a dose of 8x1014 
300keV protons cnr2, and annealing at 600°C for the durations written in 
the legends. The numbers written in brackets are the PVCRs. The 
asterisks mark the observable occurrence of 3D-2D resonant tunnelling.
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Figure 5.8 The temperature dependence of the /(V) characteristics depicted in figure 
5.7. The post-implantation-and-anneal peak- and valley-current densities 
were normalised to the 295K as-grown data. The dotted lines between the 
data points are guides to the eye.
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electrons a t low bias was m uch less prom inent a t 295K, and was unobservable a t 
low tem peratures. I t seems as though the scattering of ballistic electrons was still 
very considerable after annealing; th is is also consistent w ith  the  sta tem ent made 
above th a t  even a fte r  annea ling  th e re  w ere s till m any rem ain ing  defects. Hot 
electrons are  inelastically  scattered  very efficiently by defect s ta te s  and  ionised 
im purities2; therefo re , i t  is not su rp ris in g  th a t  the  3D-2D resonance cu rre n t of 
ballistic electrons was still much less prominent after annealing.
5.42 - Larger-than-as-grown PVCR at 77K
F ig u re s  5.6 an d  5.7 a lso  show  th a t  a t  low te m p e ra tu re s  a rem arkab le  
difference betw een the  electronic tran sp o rt through the  im planted-and-annealed 
DBDs and th a t through as-grown diodes became apparent: the  77K PVCR of some 
im planted-and-annealed specimens w as betw een  50 and  100% larger th a n  the  
as-grown 77K PVCR, even though the associated 295K PVCR was smaller. Each of 
the  He+-implanted specimens of NU168 which were annealed for ninety seconds a t 
600°C also had  5K and 77K PVCRs which were approximately twice the as-grown 
PVCRs. W hen in v e s tig a tin g  th e  change of bo th  th e  as-g row n and  th e  post- 
im plantation-and-anneal /(V) ch arac te ris tics  w ith  decreasing  tem p era tu re  (see 
figure 5.8) it was obvious th a t a greater decrease of 7vd occurred after implantation- 
and-annealing. W ith decreasing tem perature, the increase of 7pd was somewhat less 
after implantation-and-annealing (see the th ird  paragraph on page 106).
The proposed causes of the increased low-temperature PVCR
Assuming the most powerful anneals repaired between a th ird  and a h a lf of 
the electron-trapping defect states (a reasonable estim ate when considering the pre- 
and post-im plantation-and-anneal values of 7pd), the conduction-band edge of the 
same variable-rc, single-barrier structure described in sub-section 5.31 was modelled - 
the results obtained are depicted in figure 5.9. Assuming th a t each of the rem aining 
electron-trapping defect states within the n+ contacts trapped between one and three 
electrons3, the  post-im plan ta tion  free-electron density  in  t h e  n+ co n tac ts  w as 
estim ated to have been between 1.9xl018 and 2.0xl018 cm*3, and the n-doping in the 
annealed  spacer layer was assum ed to be ~ 4x l015 cm*2. The bias voltage applied 
across the  theoretical ‘ion-im planted’ s tru c tu re  was slightly  larger than the  bias 
across the  ‘as-grown’ structu re ; th is  was carried out to model the  increased bias 
necessary to create a specific electric field across an implanted-and-annealed
En
er
gy
 
rel
ati
ve
 
to 
c.b
.e
. 
of 
n-
do
pe
d 
em
itt
er
 (
eV
)
Chapter 5 The e le c t r o n ic  p e r fo rm a n c e  o f  im p la n te d -a n d -a n n e a le d  d o u b le -b a r r ie r  d iodes 111
0.16
0.12
0.08
0.04
0.00
-0.04
-0.08
EF within emitter of structure 1 
c.b.e of structure 1 
EF within emitter of structure 2
c.b.e. of structure 2
Bias across structure 1= 0.5V 
Bias across structure 2-  0.55V
Layer structure:
0.5|im n+-doped GaAs 
50nm n-doped GaAs 
3nm undoped GaAs 
lOnm undoped AlAs 
3nm undoped GaAs 
50nm n-doped GaAs 
0.5|nm n+-doped GaAs
+ 1 8 - 3n doping in structure 1= 2x1 (] cm^  
n+doping in structure 1= 1x10 cm' 
n+doping in structure 2= 1.9xl05 crn 
n doping in structure 2= 4.0x10 cm"
- 0.12
0.46 0.50 0.54 0.58
Depth (jim)
Figure 5.9 The conduction-band edge of a single-barrier structure having variable n in 
each of the n-doped layers (which were modelled on those of NU168).
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double-barrier structure.
Note th a t in  figure 5.9 the electrostatic geometry of the  accum ulation layer 
w ith in  the  two modelled struc tu res was alm ost identical; th is  w as tru e  for m any 
d ifferent com binations of n+- and n-doping w ith in  th e  m odelled ‘ion-im plan ted’ 
s tru c tu re . C onsequently , w ith in  th e  accum ulation  layer of an  im plan ted-and- 
annealed  DBD the  num ber of quasi-2D s ta te s  there in , th e ir  energy spacing and 
sp a tia l w id th  w ill have  been  very  s im ila r to those  w ith in  an  as-grow n DBD. 
Therefore, the post-implantation-and-anneal accumulation layer was ju st as 2D-like 
(the modelling described above showed th a t there would actually have been only one 
q u asi-2 D  su b -b a n d  w ith in  th e  a c c u m u la tio n  la y e r  b o th  be fo re  an d  a f te r  
im plantation-and-annealing; th is  is consistent w ith  the  resu lts  obtained during 
magnetic-field investigations22 of a sample almost identical to NU168). As described 
above, the  resonance cu rren t of 3D-2D ballistic  electrons is less prom inent after 
im plantation-and-annealing; therefore, the m ain-resonance peak of DBDs would 
have been , su rp ris in g ly , m ore 2D -like a fte r  th e  im p la n ta tio n -a n d -a n n e a lin g  
processes described above.
However, as described above, even after annealing there would still have been 
m any  defect s ta te s  from  w hich  P oo le -F renkel em ission  could occur a t  h ig h  
tem peratures; hence the lower-quality 295K I(V) characteristics after implantation- 
and-annealing. The 295K PVCR after im plantation-and-annealing is lower than  the 
as-grown PVCR because w ith increasing bias the very large increase of the num ber 
of electrons excited into the conduction band by Poole-Frenkel emission will have 
lowered the PVCR, i.e. there  were m any more electrons available for conduction 
(and tunnelling) a t bias voltages h igher th a n  V . At m uch lower tem pera tu res, 
P o o le -F ren k e l em iss io n , one of th e  p r im a ry  causes of th e  d ec reased  h igh - 
tem pera tu re  PVCR afte r ion im plan tation , will have occurred m uch less1113 (see 
figure 5.4). Field-enhanced ionisation will have occurred a t low tem peratures, but 
the current induced by it was, as depicted in figures 5.3 and 5.6, much less than  th a t 
induced by Poole-Frenkel em ission. C onsequently , th e  m ore 2D-like re so n an t 
tunnelling after im plantation-and-annealing will have been more prom inent a t low 
tem peratures. I t  is proposed th a t  th e  com bination of th e re  being 1) m uch less 
Poole-Frenkel em ission a t  low tem p era tu re s , 2) a very low cu rren t induced by 
field-enhanced ionisation and 3) a more 2D-like main-resonance peak within some of 
the im planted-and-annealed specimens is a prim ary cause of the ir larger-than-as- 
grown low tem perature  PVCRs. This proposal is somewhat speculative, bu t 295K
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and 77K/(V) m easurements of equivalent specimens fabricated from NU1222 added 
credence to it: w ithin as-grown specimens of NU1222 there was 1) only a very small 
occurrence of 3D-2D resonan t tunnelling  of ballistic electrons a t 295K, and 2) no 
observable occurrence of 3D-2D resonan t tunnelling  a t 77K. In  other words, the  
as-grown I(V) characteristics of NU1222 were m uch more 2D-like th a n  those of 
NU168; therefore, after im plantation-and-annealing the low-tem perature PVCR of 
NU1222 was not expected to be increased to the  sam e extent. F igures 3.10a and 
3 .1 1 a  d e p ic t  th e  b e s t  I(V) c h a r a c te r i s t i c s  of N U 1222  o b se rv e d  a f te r  
im plantation-and-annealing: note th a t the PVCR at 77K was never larger th an  the 
as-grown PVCR at 77K.
There was no observed LOP-assisted resonant tunnelling w ithin NU168 after 
implantation-and-annealing; this was unexpected because the theoretical modelling 
described above indicates th a t [EFacc - -^0aJ  would not be much different in the  two 
s truc tu res  (see sub-section I .32). I t  is possible theore tically  th a t  a considerable 
amount of the LOP-assisted resonant tunnelling th a t occurred w ithin the as-grown 
specim ens of NU168 (see figure 5.7) w as caused by th e  in e las tic  sc a tte rin g  of 
ballistic electrons2, not those originating from the accumulation layer - as described 
above, the  resonance curren t of ballistic electrons was much less prom inent after 
im plan ta tion-and-annealing . The absence of L O P-assisted resonan t tunnelling  
would obviously increase the  PVCR because less of the  electrons would tu n n e l 
th rough  th e  doub le-barrier s tru c tu re  a t  a b ias o ther th a n  V . Furtherm ore, no 
LOP-assisted resonant-tunnelling was observed when investigating any specimen of 
NU1222 a t low tem pera tu re ; therefore, the  im plantation-caused  changes to any 
LOP-assisted resonant tunnelling in th is sample would be unobservable. Note that, 
as m entioned above, the PVCR of NU1222 after im plantation-and-annealing was 
never larger than  the as-grown PVCR.
5.5 - Conclusions
D espite the  com plexity of re so n an t tun n e llin g  th rough  a doub le-barrier 
s tru c tu re , sim ple theoretical and experim ental m easurem ents (as d istinc t from 
much more complex techniques, e.g. magneto-tunnelling spectroscopy) proved to be 
u se fu l for in v e s tig a tin g  th e  changes to th e  e lec tro n ic  t r a n s p o r t  caused  by 
implantation-and-annealing. At high tem peratures the electronic transport through 
lightly damaged DBDs was shown to be degraded considerably: no 3D-2D resonant-
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tunnelling of ballistic electrons was observed, Vp was somewhat higher, and both the 
PVCR and 7pd of the m ain resonance were much lower. There was much empirical 
evidence th a t the transfer of charge across the n-doped em itter spacer-layer was the 
current-lim iting m echanism  after ion im plantation. T he 7(V) characteristics of a 
DBD sample w ith very thick spacer layers (NU1333) were degraded to a very large 
ex ten t by the  im p lan ta tio n  of very sm all doses of protons; th u s  exp lain ing  the  
ex trem e d eg rad a tio n  of th e  7(V) ch arac te ris tic s  of th e  very -sim ilar specim ens 
described in sub-section 4.35.
After im plantation of low doses of protons, w ith decreasing tem perature the 
cu rren t density  a t a specific b ias decreased w ith  the  Poole-Frenkel em ission of 
electrons into the conduction band from the defect states w ithin the em itter spacer 
layer. At low tem peratures a current-conduction mechanism for which the activation 
energy was independent of bias was observed after implantation-and-annealing. The 
m agnitude and tem perature dependence of th is very small current were consistent 
w ith hopping conduction of electrons between defect states. In  the same specimens 
a t very  low te m p e ra tu re s , th e  occurrence of Poole-F renkel em ission  w as not 
observable, bu t a resonant-tunnelling current lim ited by field-enhanced ionisation 
was observed a t a relatively high bias. Resonant tunnelling of electrons excited into 
kka. conduction band from the  defect s ta te s  v ia  field-enhanced ion isation  also occurred 
w ith in  m ore-heavily  dam aged specim ens, b u t w as observable only a fte r  rap id  
therm al annealing. Poole-Frenkel emission of electrons into the  conduction band 
from the defect sta tes also occurred w ithin these specimens a t high tem peratures, 
and will have been one of the  prim ary causes of the low-quality PVCRs even after 
annealing for short durations at 600°C.
Subjecting the ion-implanted DBDs to powerful anneals repaired the electron- 
trapping defects and, hence, greatly improved the 7(V) characteristics, but the 295K 
PVCR w as s t i ll  som ew hat low er th a n  th e  as-grow n PVCR. A t 77K a 3D-2D 
resonance current of ballistic electrons was observable w ithin as-grown specimens, 
b u t w as uno b se rv ab le  w ith in  im p la n te d -a n d -a n n e a le d  specim ens; th is  w as 
a ttribu ted  to the  increased am ount of inelastic scattering of these electrons in the 
presence of many defects.
I t  is p roposed  th a t  a t low tem p era tu re s  the  absence of 3D-2D reso n an t 
tunnelling of ballistic electrons w ithin im planted-and-annealed specimens, together 
w ith the negligible occurrence of Poole-Frenkel emission, was a prim ary cause of the 
la rg e r- th a n -a s -g ro w n  PVCRs a t  low te m p e ra tu re s . L O P -a ss is te d  re s o n a n t
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tu n n e llin g  w as no t observab le  a f te r  im p la n ta tio n -a n d -a n n e a lin g ; th is  also 
contributed to the  increase of the  PVCR a t low tem peratures. In a DBD sam ple in 
which there occurred no observable 3D-2D resonant tunnelling of ballistic electrons 
a t 77K, and no observable LOP-assisted resonant tunnelling a t 77K, no increase of 
the 77K PVCR was caused by implantation-and-annealing.
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M u l t i-s t a g e  a n n e a l in g  o f  
ION-IMPLANTED DOUBLE-BARRIER DIODES
6.1 - Introduction
T his c h a p te r  describes th e  an n ea l-in d u ced  s tru c tu ra l  changes w ith in  
ion-im planted DBDs. This was, in trinsically , an  in vestiga tion  of th e  annea ling  
characteristics of GaAs1,2 where resonant tunnelling was used for the first tim e as a 
probe of th e  large-scale s tru c tu ra l changes, i.e. th is  was not an  investigation  of 
de fec t-s ta te  energ ies, defect types, defect com plexity, or defect density . 7(V) 
m easurem ents a t various tem peratures were made between each annealing stage. 
Some of the im planted-and-annealed specimens were subjected to low-tem perature 
AC measurements, the reasons for which will be described below.
6.2 - Experimental Procedure
NU168 and NU1222 were the  two sam ples investigated during th is work - 
the ir layer s truc tu re  and as-grown 7(V) characteristics are depicted in figures 3.3 
and 3.7 respectively.
6.21 - Ion implantation
The ta b le  o v e rle a f l is ts  th e  im p la n ta tio n  p rocesses u sed . The proton- 
im p la n ta tio n s  w ere ca rried  out after th e  m e ta llis e d  m esas  u sed  for th e  7(V) 
m e a su re m e n ts  w ere  fa b r ic a te d  (see  su b -se c tio n  3.26), w h e re a s  th e  o th e r  
im plantations were carried out before the  fabrication of the  devices. None of the
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ion-beam  cu rren ts used would have heated  the  specim ens considerably. All the 
im plantation processes were carried out a t room tem perature, and, once again, the 
ion-beam was a t 7° from the normal to the surface of the specimens (see sub-section 
2.3i). Figure 5.1 depicts the theoretical distribution of damage created by each of the 
implantation processes used here.
Dose, energy and ion ion-beam current Ion accelerator
lx l0 13325keV protons cm'2 0.2pA 400kV
2xl013 325keV protons cm'2 0.2pA 400kV
8xl013 325keV protons cm'2 0.2pA 400kV
* 8xl014 300keV protons cm 2 2.0pA 500kV
* lxlO14 750keV He+ ions cm'2 25nA 2MV
* Not implanted into NU1222
6.22 - Post-implantation sample preparation and /(V) measurements
C hapter 3 describes the processing used to p repare  the  specim ens of both 
samples for /(V) m easurem ents, the optical annealing furnace, the Kulicke & Soffa 
gold-wire bonder a n d  t h e  a p p a r a tu s  a n d  p ro c e d u re  u se d  d u r in g  th e /(V ) 
measurements.
6.23 - AC measurements
T hese  e x p e rim en ts  w ere  c a rr ie d  ou t3 to m e a su re  th e  b ia s -d e p e n d e n t 
capacitance of an as-grown specim en and an im planted-and-annealed  specim en 
having very unusual /(V) characteristics: after very rapid high-tem perature anneals 
th e  7(V) c h a rac te ris tic s  of NU168 w ere s im ila r q u a lita tiv e ly  to th e  as-grown 
characteristics, bu t 7pd was orders-of-m agnitude sm aller. At h igh  bias these  7(V) 
characteristics included a resonance peak sim ilar to resonance ‘a ’ depicted in  figure 
5.3, i.e. low -quality  re so n an t tu n n e llin g  th rough  dam aged m ate ria l. The 7(V) 
characteristics of m any other im planted-and-annealed specimens also included a 
low-current ‘as-grown’ resonance. I t  was hoped th a t the  bias-dependance of the ir 
low -tem perature capacitance would add credence to a model which describes the  
origin of both the ‘as-grown’ and high-bias resonant-tunnelling characteristics.
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6.3 - Results and discussion
Figure 6.1 depicts the  295K reverse-bias /(V) characteristics of NU168 both 
before and after im plantation  w ith 2x l013 325keV protons cm'2, and annealing for 
te n  seconds a t  te m p e ra tu re s  be tw een  300 and  550°C in  s te p s  o f 50°C. The 
q u a lita tiv e  and  q u a n tita tiv e  c h a ra c te ris tic s  of th e  p re -an n ea l 7(V) d a ta  a re  
described in sub-section 5 .32. The post-anneal 7(V) data will now be described.
6.31 - Multi-stage annealing
The post-anneal da ta  dem onstrate the  m ulti-stage annealing1 of defects in  
ion-im planted GaAs: the  anneals a t tem peratures up to 350°C resu lted  in a large 
improvem ent of the DC performance because, as deduced from the lite ra tu re1 and 
sub-section 2.21, complex defects such as d ivacancies and  triv acan c ies  in  th e  
graded-doped spacer layers (see sub-section 5 .32) were annealed (stage 2 annealing); 
between 350 and 400°C there was very little  change in the DC performance because 
th e re  w ere very  few rem ain ing  complex defects in  th e  graded-doped layers to 
anneal, and the tem perature  was not high enough to repair the  GaAs completely. 
The rem aining point defects were not removed un til anneals a t 450°C were used 
(stage 3 annealing); hence the  large im provem ents of the  DC perform ance during 
these  annea ls  (the h ig h -resis tiv ity  of ion-im plan ted  sem iconductors is caused 
p rim arily  by the  presence of point defects2) . Stage 1 annea ling  would not have 
occurred because the dose of im planted protons was three orders-of-magnitude too 
sm a ll  to  a m o rp h ise 2 t h e  G aA s ( s e e  f i g u r e  4 .6 ) . A lso , th e  d e n s i ty  of 
im p lan ta tion -crea ted  defects was orders-of-m agnitude too sm all to cau se  th e  
creation of any dislocations during the implantation or the subsequent annealing4'8.
The re s u lts  dep ic ted  in  figu re  6.1 w ere rep roduced  easily  u s in g  o th e r 
specimens of NU168, and the equivalent specimens of NU1222. To the knowledge of 
the author, th is work was the first electrical investigation of m ulti-stage annealing 
in  io n -im p lan ted  III-V  sem iconducto r s tru c tu re s  w ith in  w hich  th e  p rim a ry  
curren t-conduction  m echanism  is quan tum -m echan ica l tu n n e llin g  th ro u g h  a 
he te ro structu re , w here the  dam age th ere in  was created p rim arily  by electronic 
stopping of long-range ions (where N t was ~5xl0'5 nm'3).
6.32 - Very rapid high-temperature annealing
Figure 6.2 depicts the  7(V) characteristics of proton-im planted specimens of 
NU168 which were subjected to a dose of 8x l013 325keV protons cm'2, and
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Bias voltage (V)
Figure 6.1 The l(V) characteristics of NU168 after implantation of 2x1013300keV 
protons cm*2, and annealing for ten seconds at the temperatures written in 
the legends.
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Bias voltage (V)
Figure 6.2 The reverse-bias probed l(V) characteristics of NU168 at 295K after a 
dose of 8x1013 325keV protons cm2, and annealing in the conditions 
written in the legends. The equivalent as-grown l(V) characteristics are 
included for comparison. The arrows depict the change of the two 
resonances with increased annealing. The inset depicts the [d//dl/j(V) 
characteristics of sets ‘15 and ‘3’.
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subsequent annealing a t various tem peratures. The pre-anneal 7(V) characteristics 
are sim ilar qualitatively to those depicted in figure 6.1; however, the current density 
was much less because the density of vacancies was four-times greater.
After annealing a t 500°C for three seconds, the low-bias /(V) characteristics of 
several specimens were sim ilar qualitatively to the as-grown characteristics, but the 
cu rren t density  w as two orders-of-m agnitude lower. 7pd th ro u g h  th e  500°C/3s- 
an n ea led  m a te ria l differed g rea tly  from one specim en to th e  next: i t  d iffered 
b e tw e e n  t h a t  of s e t  *1* an d  s e t  ‘2 ’ d e p ic te d  in  f ig u re  6 .2 , i.e . from  b e in g  
unm easurab ly  sm all to 2.3A cm 2. At h igher b ias a resonance sim ila r to th a t  of 
resonance a depicted in figure 5.3 was observed at all tem peratures.
Both the  m ain graph and inse t a of figure 6.3 prove th a t  from 295K to 77K 
the  low-bias resonance changed in an  identical m anner to th a t  of the  as-grown 
m ain-resonance, i.e. 7pd doub led  a n d  7vd halved; there fo re , th e  77K PVCR w as 
identical to the as-grown 77K PVCR. A lower-bias resonance of electrons originating 
from quasi-continuous 3D em itter sta tes was observed a t both 295K and 77K, and 
LO P-assisted resonant tunnelling  was observed a t both 77K and 4.2K (see figure 
6.3). In s e t  b dep icts th e  h igh -b ias resonance  th ro u g h  th e  dam aged m a te r ia l 
changing with tem perature in an identical m anner to th a t of resonance a depicted in 
figure 5.3, i.e. its current density decreasing with tem perature. At 77K a higher-bias 
resonance sim ilar to th a t of resonance b depicted in figure 5.3 was also observed, 
together w ith  another resonance a t an even h igher bias (the origin of th is 
th ird  high-bias resonance was not ascertained).
Clustering of defects
The model proposed to explain the results depicted in figures 6.2 and 6.3; and 
also those depicted in  figure 4.7b; is based on the creation of clusters of defects 
surrounded by percolation paths of as-grown m aterial through the whole depth of 
the graded-doped spacer layers and the undoped layers (see figure 6.4). If  this model 
is appropriate then defect clusters will also have been created in the n+ contacts, but 
after annealing their presence would be unobservable because N t therein  will have 
been  m uch  sm a lle r  th a n  n (figure 5.1 depicts th e  p re -an n ea l defect density). 
Considering the similarity between 7pd of resonance a depicted in figure 5.3, and th a t 
of the  higher-bias resonance depicted in figure 6.3, the  post-anneal N t w ithin the 
defect c lu ste rs  w as very s im ila r to th e  p re-annea l N t in  th e  b u lk  GaAs of th e  
specimens implanted with lxlO 13 325keV ions cm*2.
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Bias voltage (V)
Figure 6.3 The forward-bias l(V) characteristics of wire-bonded specimens of NU168 
after a dose of 8x1013 325keV protons cm2, and annealing for three 
seconds at 500°C. The large arrow depicts the change of the first 
higher-bias resonance with decreasing temperature.
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Figure 6.4 A schematic of an implanted-and-annealed DBD mesa within which there 
are many clusters of defects surrounded by percolation paths of as-grown 
material.
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The cross-section of as-grown m aterial w ithin the mesa depicted in figure 6.4 
would be decreased; therefore, 7p would be lower but both the PVCR and Vp would be 
unchanged because both E F in  th e  n+ contacts and the free-electron density in the 
graded-doped spacer layers would be the sam e as those in  unim planted m aterial. 
The difference between the low-bias resonance current from one mesa to the next is 
consistent w ith local differences in annealing and, hence, differences in the volume 
of percolation paths in the graded-doped spacer layers.
Very simple modelling
The PVCR of the 295K low-bias resonance depicted in figure 6.3 was sm aller 
th an  th a t of the  295K m ain resonance of as-grown specimens (1.8:1 c.f. 2.6:1). The 
rate  a t which the current density increased ju s t beyond the 295K low-bias resonance 
depicted in figure 6.3 was larger than  th a t beyond the m ain-resonance of as-grown 
specim ens. Both differences re su lte d  from  th e re  hav ing  been, ju s t  beyond th e  
low-bias resonance, a considerable curren t through the defect clusters; th is can be 
m odelled very  sim ply b u t qu ite  accu ra te ly  by scaling down th e  as-grow n 7(V) 
characteristics to the  extent th a t 7p is equal to th a t of the  low-bias resonance, and 
ad d in g  i t  to th e  post-500°C a n n e a l 7(V) c h a ra c te r is tic s  w ith o u t th e  low-bias 
resonance. Figure 6.5a depicts the  resu lts obtained from carrying out th is simple 
modelling: note the  sim ilarity  betw een the  modelled low-bias resonance and th a t 
observed experimentally.
At 77K the low-bias 7(V) characteristics were qualitatively almost identical to 
the  as-grown characteristics because a t low bias the  cu rren t th rough  th e  defect 
c lusters w as very m uch sm aller th a n  th a t  th rough  th e  percolation  p a th s  - a t a 
specific b ias  th e  c u rre n t d e n s ity  th ro u g h  th e  dam aged  GaAs decreased w ith  
tem perature (see sub-section 5.32).
Annealing a t higher tem peratures resulted  in the recovery of the resonance 
through the  defect clusters, and the  disappearance of the  low-bias resonance, as 
depicted in  both the m ain graph and the inset of figure 6.2: the low-bias resonance 
th rough  any percolation  p a th s  rem ain ing  a fte r  each an n ea l w ill have become 
unm easurable with the increasing current through the damaged m aterial.
Clustering of defects within more-heavily damaged material
A fter annealing  for one second a t  600°C, the  7(V) characteristics of m any 
specimens implanted with the doses of 300keV protons or 750keV He* ions had a
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Bias voltage (V)
Figure 6.5 a) The experimental and modelled forward-bias l(V) characteristics of 
NU168 after a dose of 8x1013 325keV protons cm2, and annealing for 
three seconds at 500°C; and b) the reverse-bias probed l(V) character­
istics at 295K both before and after the He+-implantation-and-anneal 
process. The numbers written in brackets are the PVCRs.
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low-bias resonance sim ilar qualitatively  to the  as-grown m ain-resonance, bu t did 
not have any higher-bias resonances (see figure 6.5b): the cu rren t density flowing 
through the  defect clusters of this m aterial would have been very small because of 
the  g rea te r am ount and  complexity of dam age created  by the  He+ im plantation. 
Again, the  low-bias 7pd differed much from one DBD to the next. Low-tem perature 
DC m easurem ents of these specimens proved th a t the tem perature  dependence of 
their 7(V) characteristics was sim ilar to th a t of the as-grown characteristics. Figure 
6.5b shows th a t  the  low-bias resonance was not observable a fte r annealing  th is  
m ateria l for ten  seconds, and th a t the  subsequent anneal-induced recovery of the 
as-grown 7(V) characteristics proceeded as expected (see sub-section 3.3i).
AC measurements
As m entioned earlier, to investigate the electrical characteristics fu rther, a 
Hewlett Packard 4275A LCR  a n a ly se r w as used  to ascertain  the bias-dependent 
capacitance of an as-grown specimen, and the  im planted-and-annealed specimen 
whose 7(V) characteristics are depicted in figure 6.3. It is very im portant to note th a t 
a direct quantitative comparison between the C(V) characteristics of the two diodes 
was allowed because the m esas of both had a diam eter of 200|±m. Figure 6.6 depicts 
the  results obtained during these m easurem ents, which were carried out assuming 
th a t  th e  e q u iv a len t c ircu it of th e  DBD w as a capac itance  in  p a ra lle l w ith  a 
resistance9. Using a 4MHz 5mVpp m odulating signal, the C(V) m easurem ents were 
carried out only a t low bias because the sensitivity of these m easurem ents decreases 
with conductivity of the specimen (G) when above ~ lmS.
No as-grown C(V) characteristics could be obtained a t 295K, even a t low bias 
because G w as too h ig h  (it w as m uch h ig h e r  th a n  .lm S ); how ever, low -bias 
m easurem ents were possible a t 77K. The top graph of figure 6.6 depicts the  results 
of these measurements: note the decreasing capacitance with increasing bias, which 
is consistent w ith results obtained by Leadbeater et al9 when investigating the C(V) 
characteristics of an  as-grown DBD. A t low bias the  capacitance of an as-grown 
DBD decreases because of the increasing thickness of the depletion layer915 beyond 
the collector barrier: the  increasing charge between the  barrie rs , an effect which 
increases the capacitance, is negligible at low bias.
The low-bias capacitance of an as-grown DBD can be given by
C .= (eE0AIVda (6-1)
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Figure 6.6 The C(V) characteristics of two 200pm-diameter specimens of NU168 - an 
as-grown specimen and the specimen whose /(V) characteristics are 
depicted in figure 6.3.
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where e and e0 are the dielectric constant of GaAs and the perm ittivity of free space 
respectively, Aa is the  cross-sectional a rea  of the  diode, and  d& is its capacitative 
thickness (the effective thickness of the dielectric). d& is assumed to be the thickness 
of the  depletion layer below the  second b a rrie r plus the  th ickness of the  double­
barrier structure (16nm): the effective source of electrons w ithin this structure is the 
a c c u m u la tio n  la y e r  co n tig u o u s to th e  f i r s t  h a r r ie r ;  th e re fo re , d u rin g  C(V) 
m easurem ents the  n+-doped layer and the  graded-doped spacer layer above the  
accum ulation layer are relatively  unim portant. However, the  quantum  stand-off 
distance15, which is the  distance betw een the  em itter b a rrie r and the  peak of the 
e lectron  d is trib u tio n  w ith in  th e  accum ulation  layer, m u st be considered; th is  
distance is lOnm typically. W ithin the as-grown specimen of NU168 at low bias, the 
depletion layer was assum ed to be the thickness of the  graded-doped spacer layer 
(50nm ) p lu s  th e  th ic k n e s s  of th e  in tr in s ic  sp ace r la y e r  (2 .5nm ). T he to ta l  
capacitative thickness of the as-grown specimen was, therefore, 2.5nm + 50nm + 
16nm  + lO nm . W hen u s in g  th is  v a lu e  w ith  e q u a tio n  (6-1) to c a lcu la te  th e  
capacitance of an  as-grown DBD, a low-bias as-grown capacitance of 45pF w as 
calculated; th is is sim ilar to the  low-bias resu lt obtained experim entally  (51pF). 
A nother as-grow n DBD w hich h ad  a m esa d iam ete r of 100pm (and, therefore, 
Ax0.25) had  a low-bias capacitance of 12pF, which is consisten t w ith  th e  o ther 
experimental result.
W ithin the  ion-im planted DBD a t low bias, the  to ta l capacitance (Cl) was 
assum ed to be equal to th e  capacitance of th e  dam aged m a te ria l (Cc) p lus the  
parallel capacitance of the percolation paths of as-grown m aterial (Cp). Cp is equal to 
(Ap/Aa)Ca, w h e re  Ap/Aa is th e  f ra c tio n  of Aa occupied by th e  percolation  pa ths; 
therefore, C{ is equal to
C.= FCa + (l-F)Cc (6-2)
where F  is  e q u a l to Ap/Aa. F  can  be ca lcu la ted  by d iv id in g /pd of th e  low-bias 
resonance by th a t of the m ain resonance of the as-grown specimen. The capacitative 
th ic k n ess  of th e  p e rco la tion  p a th s  w as assum ed  to be equal to the  as-grow n 
capacitative thickness, i.e. d a. W ithin the defect clusters the capacitative thickness 
(dc) w as assum ed to be th e  to ta l th ick n ess  of the  layers betw een th e  n+-doped 
contacts (121nm): the quasi-continuous 3D states in the n+ em itter were assumed to 
be the only considerable source of electrons in the defect clusters a t low bias because 
any accumulation layer created a t low bias will have been populated by alm ost no
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electrons, especially a t 77K (see sub-section 6 .32); therefore,
C=  [ee0(Aa - Ap)]/cZc (6-3)
because the  52.5nm of GaAs either side of the double-barrier structure  would have 
been electrically  im portan t during  C(V) m easurem ents. C. w as calcu lated  to be 
28pF, which is quite consisten t w ith  the  experim ental da ta . The m ost probable 
cause of the difference between the calculated and experim ental values of CV is an 
underestim ation of d c, which may have extended into the n*-doped layers. Figure 6.6 
shows th a t  the  low-bias w as practically constant w ith  increasing  bias; th is  is 
consisten t w ith  the  fact th a t  w ith in  th e  defect c lusters, the  layers benea th  the  
double-barrier struc tu re  were depleted of free electrons even a t zero bias because 
most of them  were trapped within defect states.
As the bias was increased up to the  first (3D-2D) resonance, the presence of 
th e  perco lation  p a th s  of as-grow n m a te ria l th en  becam e obvious: C. began to 
decrease w ith the increase of dp w ithin the  percolation paths. Increasing the bias 
further caused C. to increase because of the high rate  of charge accumulation when 
the bias is almost a t the resonance voltage of the 3D-2D tunnelling. The m agnitude 
of the change of C. near the 3D-2D resonance, and the sudden decrease of beyond 
th is resonance could have been caused only by a sudden detrim ental increase of G; 
therefore, the data obtained at this and higher bias are meaningless.
Low-bias DC measurements at 4.2K: resonant tunnelling through donor states
The AC experim ents described above corroborated the model explaining the 
existence of percolation paths of as-grown m aterial w ithin the specimen whose I(V) 
characteristics are depicted in figure 6.3; however, neither the num ber of percolation 
paths nor their average diam eter were quantified. After calculating which equals 
3.9A cm‘2/630A cnr2= 0.006, the  to ta l a rea  of the  percolation p a th s of as-grow n 
m aterial was calculated to be 189pm2. At the lim it of there being only one (circular 
shaped) percolation path, it is easy to calculate th a t its diam eter would be 15pm. If 
th e re  w ere tw enty-five perco lation  p a th s  of as-grow n m a te ria l, th e ir  average 
diam eter would be only 3pm. If  the typical diam eter of the percolation paths was 
less th a n  or no t m uch g re a te r  th a n  5pm, resonant tunnelling  through different 
donor sta tes16 between the barriers should have been observable a t low bias and at 
low tem peratures (less th an  20K usually). A donor between the barriers creates a
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localised potential well having confined sta tes associated w ith  it, through which 
resonant tunnelling can occur; these donor states having a lower ‘ energy th an  the 
main-resonance confined state. Low-bias resonance through donor sta tes w ithin a 
double-barrier structure  can be observed if the num ber of different donor sta tes is 
small; therefore, the  resonances are observable most easily when investigating a 
DBD w ith  a very sm all cross-sectional a rea  (less th an  30pm2 usually). W ithin a 
large-area DBD there  m ight be m any different donors betw een the barriers, each 
having their own energy state which is indistinct amongst the many others.
7(V) m easurem ents a t 4.2K were carried out to investigate w hether resonant 
tunnelling through donor states was observable, the results of which are depicted in 
figure 6.7. To decrease the effects of extrinsic noise (and intrinsic noise - see below), 
th e  7(V) m easurem ents were carried out using the longest in tegration  tim e-per- 
measurement th a t the H.P. 4156A was capable of (2s).
The results depicted in figure 6.7, which were highly reproducible, indicate 
th a t resonant tunnelling through a t least two different donor sta tes occurred: the 
resonance characteristics a t very-low bias were quite prom inent, bu t were very 
broad because the experim ental 7(V) characteristics were a superposition of those 
through many percolation paths of as-grown m aterial. No very-low bias resonances 
were observed when investigating as-grown specimens of NU168. W ith increasing 
tem p era tu re  the  very-low bias resonance ch arac te ris tics  very  quickly becam e 
unobservable, which is consistent with the results obtained previously16. The results 
depicted  in  figure  6.7 w ere ob tained  w hen th e  DBD w as rev erse  b iased  - the  
forward-bias characteristics were sim ilar, b u t the  indications of resonance were 
somewhat less prominent; th is asym metry is consistent w ith the few donors being, 
on average, not exactly half-way between the barriers.
Low-bias DC measurements at 4.2K: single-electron switching
Defect s ta te s  a t or n ear E F can tra p  and therm ally  em it electrons w ith  a 
tem perature-dependent frequency (see sub-section 2.21); thus creating an in trinsic 
noise. When the current through the conducting path  of a device is low enough, this 
emission and trapping of electrons, which is known as ‘single-electron switching’17, 
can be observed. Single-electron switching was observed during room -tem perature 
7( V) m easurem ents of DBDs where the conducting path  between the barriers was a 
quantum  dot18 w ith  a m inim um  la te ra l  dim ension of 0.1pm, and  w here  7p w as 
similar to th a t of the percolation-path DBD specimen.
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Figure 6.7 The 4.2K reverse-bias /(V) and [d//d V](V) characteristics of the percol- 
ation-path specimen.
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At a constant bias voltage of e ither 0.8V or 0.85V, both of which are in the 
region of 7v, the current through the percolation-path specimen was m easured for a 
maximum of 30s in 10ms in tervals of t (which equates to 3000 m easurem ents per 
tem perature). The data indicate th a t single-electron switching did occur a t 4.2K, as 
- dep icted  in  figure  6.8, w hich in d ica te s  th a t  some of th e  perco la tion  p a th s  of 
as-grow n m ate ria l m ay have had  sub-micron diam eters. D istinct single-electron 
switching was not observable a t 77K and 295K, which is consistent w ith the results 
obtained by Ralls et a l11'. more electrons (in m any percolation paths) will have had 
enough energy to switch and, therefore, any individual occurrences of switching will 
have been indistinct. Note also th a t single-electron switching was not observed at 
any bias w hen investigating  specim ens of the  sam e m ateria l w ithout ostensibly 
having  any percolation pa th s , or w hen investigating  as-grow n specim ens; th is  
confirm s the  fact th a t  the  sing le-electron  sw itching w as occurring w ith in  the  
percolation paths of as-grown m aterial.
6.4 - Conclusions
Resonant tunnelling through ion-implanted Al04Ga06As/GaAs DBDs was used 
to probe th e  large-scale  s tru c tu ra l  changes du ring  rap id  th e rm al-an n ea lin g . 
M ulti-stage annealing of damage in III-V semiconductors was dem onstrated by the 
m ulti-stage recovery of the as-grown resonant tunnelling. The 7(V) characteristics of 
the ion-implanted double-barrier diodes after very rapid high-tem perature anneals 
were sim ilar qualitatively to the as-grown characteristics, but 7pd was two orders-of- 
m agnitude lower. The creation of percolation paths of as-grown m ateria l (which 
surrounded clusters of defects) during these rapid anneals was proposed to explain 
this. The evidence of m ulti-stage annealing and defect clustering was corroborated 
by  the  re su lts  ob tained  du ring  low -tem peratu re  7(V) m ea su re m e n ts  and  C(V) 
measurements: the tem perature dependance of the low-bias resonance was identical 
to the  as-grown m ain resonance; and w ith increasing bias the  capacitance of the  
defect clusters was. preponderant until a relatively large current flowed through the 
percolation paths of as-grown m aterial. Resonant tunnelling through donor sta tes 
and single-electron sw itching were observed a t 4.2K; these observations indicate 
: th a t the  typical diam eter of the  percolation paths was less th an  five microns, and 
th a t some of the percolation paths may have had sub-micron diameters.
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Figure 6.8 The 4.2K l(t,V) characteristics of the percoiation-path specimen biased at 
the voltages written in the graphs.
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W hat  n ext?
7.1 - Introduction (or Inspiration and encouragement’)
Soon after the  principal research of th is PhD was commenced (about a year 
after the PhD itself was commenced) a respected and much-liked academic member 
of staff a t Surrey commented intelligently th a t worldwide there were many research 
groups attem pting to fabricate 3D integrated circuitry of electronic devices, bu t th a t 
none of them would be doing, or had done, anything similar to the work described in 
this thesis: he was alluding to the fact th a t attem pting to im plant high-energy ions 
through a fragile nanoscale heterostructure was a seemingly absurd thing to do. At 
th a t time, very few people would have disagreed with him. The author him self was 
not w ithout h is own doubts regard ing  the  po ten tial ab ilities of high-energy ion 
implantation through semiconductor multilayers.
Three m onths later, the  resu lts depicted in figure 3.9 were obtained. These 
/(V) characteristics were certainly not the first to be observed when carrying out DC 
measurements on ion-implanted DBDs, but they were the first which confirmed th a t 
the original idea of im planting high-energy ions through a double-barrier structure 
should be pursued over a longer timescale; hence the subm ission of th is thesis for 
exam ination  two years la te r . T here are  m any more experim ents involving ion- 
im planted DBDs which ought to be carried out, and th is chapter is a compilation of 
suggestions for such future work.
7.2 - Chapters 3 and 4
Ion  im p la n ta t io n  o f  DBDs fa b r ica ted  from  other sem ico ndu c to rs : th e
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highest-performance DBDs manufactured to date were fabricated using more exotic 
III-V semiconductors4'7 th a n  A lxGalxAs/GaAs. If the low-tem perature annealing  
process1'3 described in Chapter 3 and/or the Be+-implantation process described in 
Chapter 4 were successful when fabricating and processing AlxGalxAs/GaAs DBDs, 
it  w ould be very im portant to develop equ ivalent processes for the m ateria ls  
described in the literature4'7.
Fabrication of a mixer-circuit: when a successful im plantation-and-anneal 
process has been developed, and the RF characterisation of implanted-and-annealed 
DBDs and annealed  ASPAT diodes has been carried out successfu lly , a w afer  
including the layer structure of an ASPAT diode two-to-three microns below that of 
a DBD should be grown. The successfully-developed im plantation process should  
then be carried out in selected areas of th is two-level wafer; th is is the basis for 
fabricating the microwave-mixer circuit described in Chapters 1 and 3. To prove 
that growing such a wafer was possible, sample A1034 was designed by the author 
and grown at the Cavendish Laboratory in Cambridge8: figure 7.1 depicts its layer 
structure and 7(V) characteristics (of both the DBD and the ASPAT diode). Note that 
the PVCR of the DBD is much sm aller than that of the double-barrier structures 
grown at the University of Nottingham. The two obvious reasons for this are 1) the 
fraction of Al in the barriers is smaller; therefore, the barriers are lower, and 2) the 
distribution of donors near the double-barrier structure is such that no considerable 
accumulation layer is formed when biased; therefore, the main-resonance peak will 
be very 3D-like. The inferior DC performance of the DBD is not caused by defective 
growth of the very thick epilayers below it: its PVCR and 7pd are very sim ilar to 
those of a (very sim ilar) double-barrier structure investigated by Tewordt et a l9. 
Nevertheless, this design of DBD does not have a good enough performance for use 
within the microwave-mixer circuit.
7.3 - Chapter 5
M o d e ll in g  the I(V) characteris tics  o f  ion -im plan ted  DBDs: i t  w o u ld  be  
ex p ed ien t to expand  a th e o r e tic a l p roced u re10,11 u s e d  t o  m o d e l  t h e  7(V) 
characteristics of a DBD to also model the effects of ion implantation (e.g. increased 
inelastic scattering, Poole-Frenkel em ission at high temperatures, field-enhanced  
ionisation at low temperatures, and decreased prominence of 3D-2D resonance after
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The current bistability of the DBD is just a consequence 
of the investigated diode mesa having a very low 
resistance relative to the complete circuit resistance.
The intrinsic DC characteristics, if measurable, would 
not have current bistability, and Vp would be much 
lower.
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Figure 7.1 The as-grown l(V) characteristics of both multilayer tunnel devices within
A1034, and the layer structure of the wafer.
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annealing). The su c cessfu l form u lation  and su b seq u en t exp an sion  of such  a 
complete procedure would probably necessitate the whole duration of a three-year 
MPhil/PhD project.
H ig h  B-field DC measurements o f  im planted-and-annealed DBDs: I(V,B) 
m easurem ents, where B 111, have been used to differentiate betw een 3D-2D and 
2D-2D resonant tunnelling when 3D-2D resonant tunnelling was indistinct during 
zero-B /(V) measurements12. The results obtained during 4.2K I(V,B) measurements 
of im planted-and-annealed DBDs should indicate the extent to which the 3D-2D  
resonance current therein is suppressed; these results might also provide evidence 
for the proposed cause of the larger-than-as-grown PVCRs at low temperatures.
7.4 - Chapter 6
Magnetotunnelling spectroscopy o f  donor states: the very-low bias resonance 
characteristics depicted in  figure 6.7 w ere those of a diode specim en having a 
diam eter of 200pm, and 189pm2 of as-grown m aterial in the form of percolation  
paths surrounding defect clusters. Within an equivalent but smaller implanted-and- 
annealed DBD (which could have a diameter less than one micron13), there would be 
approxim ately the sam e density of as-grown m aterial but, obviously, a sm aller  
number of percolation paths. The very-low bias resonance characteristics of such a 
smaller specimen, therefore, would probably be much more abrupt; thus facilitating 
investigations, using the technique used by Dellow et a l13 and Sakai et a lu, of the 
energy levels of the donor states confined between the barriers .
M easu rin g  the a c t iva t io n  energy o f  single-electron switching: w ith in  th e  
hypothetica l specim en described above, it  would also be easier to in v estig a te  
sin gle-electron  sw itching: the activation  energy of the original defects can be 
calculated when, at many temperatures, the average duration of both the ‘on’ state 
and the ‘o ff sta te  have been m easured. Ralls et aZ15 describe the method used to 
calculate the activation energy of the switching defect states.
7.5 - The final words
The work carried out by any of the countless research groups involved with
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improving the performance and/or the commercial applicability of double-barrier 
diodes, w hich includes the ten ta tive  work described in th is  th esis , w ill not be 
exploited commercially until the m anufacture and characterisation of m ultilayer 
tu nn el diodes im proves greatly. The work carried out partly  by the author to 
investigate the m anufacturability of even the sim plest m ultilayer tunnel diodes 
proved th a t such  d ev ices are not m an u factu rab le  w h en  u sin g  p resen t-d a y  
semiconductor growth, characterisation, and modelling techniques16.
The invention of ‘closed-loop’ epitaxial growth of multilayer semiconductors17 
has brought closer the day when such m aterials could be manufactured repeatedly 
and routinely w ithin stringent tolerances; however, as m entioned above, both the 
m od ellin g  and th e ch aracter isa tion  of th e  e lectr ica l perform ance of d ev ices  
fabricated from such m aterials w ill have to be advanced similarly. Perhaps within  
twenty years the first commercial quantum-well injection transit-time diodes will be 
manufactured and sold as high-efficiency microwave generators. If these diodes are 
to be manufactured commercially, it is realistic to believe that ion implantation will 
be used during their manufacture: very recently there were several publications 
describing the successful use of ion implantation during the fabrication of advanced 
devices and integrated circuits1821 to be used w ith in  commercial high-frequency  
communication systems. After more than thirty years since its first commercial use, 
ion im plantation is now acknowledged to be an expedient technique to be used  
during the manufacture of such high-frequency systems. Perhaps it will be no more 
than another thirty years before high-energy ions are implanted through the active 
layers of advanced high-frequency devices as part of a commercial process used to 
integrate the devices three-dimensionally.
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NU1222, NU1331, NU1332, and NU1333 all had the same designed double­
barrier structure, but their 7(V) characteristics differed greatly. N U 1222 w as a 
symmetric structure, and NU1331 was almost symmetric but its spacer layers were 
much thicker (see the m odelled conduction-band edges in figure A .la). The layer 
structure of N U 1331 w as, therefore, more resistive; hence its  larger V . With 
increasing em itter spacer-layer th ickness1, the current-lim iting caused by ther­
mionic em ission of electrons over the em itter spacer-layer barrier becomes more 
prominent; hence the smaller 7pd of NU1331.
Consider th e  forw ard-b ias 7(V) characteristics o f N U 1 3 3 1 ,  N U 1332 and 
NU1333: Vp did not increase much with increasing emitter spacer-layer thickness 
because most of the bias was across the relatively resistive depletion layer; this had 
the sam e thickness w ithin  each sam ple. In reverse bias, the voltage required to 
bring the confined energy-state between the barriers down to EFacc increased w ith  
the thickness of the depletion layer; this was thinnest in NU1332, and thickest in 
NU1331. At a specific reverse bias both the height and the thickness of the emitter 
spacer-layer barrier were the same within each sample, as depicted in figure A .lb . 
The increasing 7pd with structural symmetry of NU133x could not be elucidated by 
the modelling of their conduction-band edges (it is unlikely that the increase of 7pd 
with symmetry is caused by unintentional doping differences).
The well-defined accumulation layer within NU1331, N U1332 and NU1333  
was populated by several quasi-2D sub-bands2; hence the obvious occurrence of 
secondary resonances at low bias.  The low est-b ias secondary resonance w as  
attributed to 3D-2D resonant tunnelling2.
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Figure A.1 a) The modelled conduction-band edge of both NU1222 and NU1331 in 
forward bias, and b) the modelled conduction-band edge of both NU1331 
and NU1332 in the same reverse bias. Each double barrier was actually 
modelled as a thick single barrier, and then the double-barrier structure 
was drawn in schematically (but accurately).
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